Milk production and energy metabolism in ruminants fed 2-ketoisocaproate by VandeHaar, Michael John
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1988
Milk production and energy metabolism in
ruminants fed 2-ketoisocaproate
Michael John VandeHaar
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agriculture Commons, and the Animal Sciences Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
VandeHaar, Michael John, "Milk production and energy metabolism in ruminants fed 2-ketoisocaproate " (1988). Retrospective Theses
and Dissertations. 9740.
https://lib.dr.iastate.edu/rtd/9740
INFORMATION TO USERS 
The most advanced technology has been used to photo­
graph and reproduce this manuscript from the microfilm 
master. UMI films the original text directly from the copy 
submitted. Thus, some dissertation copies are in typewriter 
face, while others may be from a computer printer. 
In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these will 
be noted. Also, if unauthorized copyrighted material had to 
be removed, a note will indicate the deletion. 
Oversize materials (e.g., maps, drawings, charts) are re­
produced by sectioning the original, beginning at the upper 
left-hand comer and continuing from left to right in equal 
sections with small overlaps. Each oversize page is available 
as one exposure on a standard 35 mm slide or as a 17" x 23" 
black and white photographic print for an additional charge. 
Photographs included in the original manuscript have been 
reproduced xerographically in this copy. 35 mm slides or 
6" X 9" black and white photographic prints are available for 
any photographs or illustrations appearing in this copy for 
an additional charge. Contact UMI directly to order. 
lilUMI 
Accessing the World's Information since 1938 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 

Order Number 8826461 
Milk production and energy metabolism in ruminants fed 
2-ketoisocaproate 
VandeHaar, Michael John, Ph.D. 
Iowa State University, 1988 
U M I  
SOON.ZeebRd. 
Ann Aiix)r, MI 48106 

Milk production and energy metabolism 
in ruminants fed 2-ketoisocaproate 
by 
Michael John VandeHaar 
Â Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Animal Science 
Major: Nutritional Physiology 
Approved^
In Charge of Major Work
For the Major Departmei 
For the Graduate College
Iowa State University 
Ames, Iowa 
1988 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
11 
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
GENERAL REVIEW OF THE LITERATURE 4 
Metabolism of the Lactatlng Ruminant 4 
Milk synthesis 6 
Fat synthesis 6 
De novo fatty acid synthesis 6 
Use of preformed plasma fatty acids 8 
Lactose synthesis 10 
Protein synthesis 11 
Energy sources for milk biosynthesis 11 
Efficiency of the lactatlng mammary gland 12 
Effect of metabolite supply 13 
Extra-mammary metabolism In support of milk synthesis 13 
Lipid metabolism 14 
Whole-body lipid turnover 14 
Lipid metabolism in adipose tissue 16 
Ketone metabolism 21 
Regulation of hepatic ketogenesls 
from endogenous lipid 22 
Peripheral use of ketones 25 
Acetate metabolism 26 
Use of acetate 28 
Glucose metabolism 30 
Glucose use 32 
Protein metabolism 33 
Protein turnover 34 
Maintenance energy requirement 39 
Contribution of ion pumping 39 
Contribution of protein turnover 40 
Contribution of different tissues 41 
Overview of support metabolism 43 
Hormonal control of lactation 45 
Insulin 45 
Growth hormone 47 
Glucagon 50 
Glucocorticoids 50 
Other hormones 51 
Effects of dietary supply on lactation 52 
Dietary fat 52 
High-grain diet 53 
Feeding frequency 54 
Ruminai volatile fatty acids 54 
ill 
Effects of 2-Ketolsocaproate on Metabolism 55 
Metabolism of leucine and 2-ketolsocaproate 55 
Effects of 2-ketoisocaproate on metabolism 57 
REFERENCES CITED 59 
EXPLANATION OF DISSERTATION FORMAT 77 
SECTION I. MILK PRODUCTION AND COMPOSITION IN COWS 
AND GOATS FED 2-KETOISOCAPROATE 78 
ABSTRACT 80 
INTRODUCTION 81 
MATERIALS AND METHODS 82 
Experimental Design 82 
Animals 82 
Basal diets 82 
Protocol and treatments 82 
Measurements 83 
Methods of Analysis 85 
Statistical analysis 87 
RESULTS 89 
DISCUSSION 95 
ACKNOWLEDGMENTS 101 
REFERENCES CITED 102 
SECTION II. EFFECT OF FEEDING LEUCINE, 2-KETOISOCAPROATE, 
OR ISOVALERATE TO GROWING LAMBS ON LIPID 
DEPOSITION AND WHOLE-BODY TURNOVER OF ACETATE 
AND GLUCOSE 105 
ABSTRACT 107 
INTRODUCTION 108 
METHODS 110 
Animals and Diets 110 
Isotope Infusion Study 112 
tv 
Methods of Analysis 113 
RESULTS 117 
DISCUSSION 123 
ACKNOWLEDGMENTS 127 
REFERENCES CITED 128 
GENERAL SUMMARY AND CONCLUSIONS 132 
REFERENCES CITED 138 
ACKNOWLEDGMENTS 139 
APPENDIX A. STUDIES AND RESULTS RELATED TO SECTION I 141 
Effect of Intravenous Infusion of KIC in Lactating Goats 141 
Blood Response to Oral Doses of KIC Salts 142 
Efficacy of Lipid Coating for KIC Bypass 142 
Animals Used for Section I Studies 144 
Analysis of Variance for Effect of KIC on Milk Production 145 
Effect of KIC on Milk Fat Yield of Individual Cows 148 
Effect of KIC on Nitrogen Balance of Lactating Cows 149 
Pooled Statistics for Goat and Cow Trials 150 
Health Records of Cows Used in Trial 1 150 
APPENDIX B. ZEIN-COATING AS A BYPASS METHOD 153 
Introduction 153 
Methods 153 
Production of zein-protected compounds 153 
Determination of bypass value 154 
Methods for analysis of KIC and methionine 155 
Results and Discussion 156 
References cited 158 
1 
INTRODUCTION 
Since his origin, man has learned to domesticate animals and utilize 
them as a source of labor, meat, milk, clothing, and various other 
supplies. Animal agriculture was Important to the people of the Old 
Testament: Abel was a shepherd; Abraham, Isaac, Jacob, Job, and others 
had vast herds of sheep, goats, cattle, camels, and donkeys. Domestic 
animals served a vital role In the development of civilization as we know 
It today. In Genesis 3, God gave Adam the cultural mandate -- "to 
develop and preserve His creation," to be a steward of the earth. 
This, I believe, is God's mandate for us today also --to 
continually leam about creation and explore new ways to develop It while 
recognizing that all of creation has value in and of Itself and that in 
our developing, we must also "preserve." This is a difficult task to 
comprehend, let alone carry out, but for animal scientists I think It 
means that we must explore and develop new ways to use animals to serve 
the needs of a growing human population while recognizing that animals 
are not just machines but fellow creatures and must be treated with 
respect. We must develop more efficient systems for using animals to 
produce quality human-consumable products (i.e., meat, milk, eggs) from 
substances that are less favorable for human consumption (i.e., forages, 
industrial byproducts). To maximize efficiency. Inputs of substances 
that are human-consumable also may be required. Bywater and Baldwin 
(1980) have calculated efficiency values for the major animal industries 
(Table 1). 
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Table 1. Percentage returns on digestible inputs 
Total InPVtS Human-Edible Inputs 
Energy Protein Energy Protein 
Dairy Industry 
Beef Industry 
Pork Industry 
Poultry Industry 
23 
5 
23 
15 
29 
5 
38 
30 
101 
57 
58 
31 
181 
109 
86 
75 
In my opinion, animal agriculture has and will continue to play a 
pivotal role in meeting the needs of an ever-increasing world population. 
About 30% of the land in this country is currently rangeland or 
pastureland (Wedin et al., 1975), and good soil stewardship requires that 
much be kept in pasturing systems. Therefore, for the foreseeable 
future, animals will be needed to utilize this land for human food 
production. 
2-Ketolsocaproate, KIC, has previously been reported to have effects 
on mammalian protein metabolism. With these reports in mind, we thought 
that KIC also might have effects on protein metabolism of the mammary 
gland of a lactating animal and therefore increase the efficiency with 
which animals use dietary protein to produce milk protein. As the data 
reported in this thesis Indicate, KIC actually seems to increase the 
production of milk fat to a greater degree than that of milk protein. 
This was a surprise, and we have yet to understand the mechanism for this 
effect. 
One could argue, in light of the current glut of dairy products in 
the U.S. and the apparent detrimental role of animal fats in human 
health, that an increase in milk fat is not needed at this time, and, in 
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fact, Is not good stewardship of resources. Under the current milk 
pricing system In this country, however, the price a farmer receives for 
the milk he produces Is determined partly by Its fat content. Therefore, 
KIC potentially could Increase the dairyman's profit. But In light of 
God's cultural mandate for man, the only valid reason for continued 
research on KIC and lactation Is that KIC does hold promise for 
Increasing the energetic and protein efficiency of the lactatlng cow. 
Additionally, a better understanding of the mechanism of KICs effects 
will Increase our understanding of the basic physiology of a lactatlng 
dairy animal and therefore possibly enable us to Increase the efficiency 
of lactation. This Idea that KIC may hold potential for Increasing the 
efficiency of milk production is the basis for the research presented in 
this dissertation. 
The work for this dissertation is divided into two parts. In the 
first part, studies with lactatlng goats and cows demonstrated that KIC 
Increases milk fat production. The mechanism of action, however, was not 
readily apparent from the data collected in these studies. Thus, a study 
was conducted with growing lambs to 1) determine whether the effect was 
unique for KIC among the leucine metabolites, 2) determine whether the 
mechanism Involved changes in glucose, acetate, or protein turnover, and 
3) determine whether lipid deposition in body stores also was altered. 
By answering these questions, we hoped to gain insight into the mechanism 
of action for KIC in lactatlng ruminants. Results of the protein 
turnover measurements are reported in a dissertation by Paul J. Flakoll. 
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GENERAL REVIEW OF THE LITERATURE 
Metabolism of the Lactatlng Ruminant 
The capacity of the lactatlng mammary gland to produce milk Is 
determined by the degree of development of the mammary gland prepartum 
and by the ability of the animal to supply the necessary substrates for 
milk synthesis. This review will deal primarily with the topic of 
substrate supply and some basic aspects of milk synthesis. More about 
the topic of mammary gland development can be found in reviews by DeLouis 
et al. (1980), Tucker (1979), and by several authors in volumes edited by 
Larson and Smith (1974). 
During her 305-day lactation, a high-producing dairy cow will 
secrete -1300 kg of milk solids, about double her body weight. At 
parturition, she shifts from a physiological state of near maintenance 
(requiring about 13 Meal NE^ , 1 kg crude protein, 38 g calcium, and 27 g 
phosphorus per day) to the lactational state in which her requirements 
are increased to about 38 Meal NEj^ , 3.8 kg protein, 130 g calcium, and 90 
g phosphorus. The 40 kg of milk she produces per day contains 27 Meal 
gross energy, 1.3 kg protein, 50 g calcium, and 40 g phosphorus. As one 
might expect, this abrupt shift to the lactational state requires major 
changes in her metabolism - changes that are complex and closely 
regulated. The mammary gland becomes the focal point of the body, and 
nutrients are partitioned to it rather than to other body tissues (Figure 
1). The term "homeorhesls" has been used to describe this focusing of 
the various body systems toward establishing and providing for one 
particular body process, i.e., the synthesis of milk. Fatty acids, 
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glycerol, and amino acids are mobilized from adipose tissue and muscle, 
gluconeogenesis is increased, calcium and phosphorus are mobilized from 
bone, appetite is increased, and blood flow to the mammary gland is 
increased. The activity of many mammary gland enzymes, such as 
lipoprotein lipase and acetyl-CoA carboxylase, is also increased. These 
changes are coordinated by a number of hormonal systems, including growth 
hormone and insulin. 
protein degradation 
ingested 
nutrients 
protein 
protein synthesis 
nutrien milk 
partitioning 
lipogenesis 
maintenance 
energy needs 
\ body 
lipolysis 
fat 
Figure 1. General flow of metabolites during early lactation 
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Milk synthesis 
Concentration of metabolites in arterial blood, blood flow to the 
mammary gland, and transport of metabolites across the mammary membranes 
are all Important factors in determining substrate supply to the 
synthetic processes within the mammary gland. Of these three, Davis and 
Collier (1985) have proposed that blood flow and transport across 
membranes are the most Important. A cow producing 30 kg milk per day 
secretes daily 1600 g of lactose, 1100 g fat, and 1000 g protein and 
requires inputs to the mammary gland of about 2200 g glucose, 760 g fat, 
950 g acetate, 170 g ketone bodies, and 1000 g of amino acids (Baldwin 
and Smith, 1979). Although concentrations of many of these metabolites 
in blood are not elevated during lactation, mammary blood flow is 
Increased, and transport mechanisms for triglyceride-fatty acids, 
glucose, and amino acids are enhanced. 
Fat synthesis Milk fat is 98% triglyceride (Christie, 1981) with 
fatty acids being derived from two sources. Preformed lipids in the 
blood account for about 60% by weight or 40 molar % of milk fatty acids, 
and de novo synthesis of fatty acids within the gland accounts for the 
rest (Bickerstaffe and Annison, 1974). Nearly all the C4-C14 fatty acids 
and 60% of C16 are synthesized de novo, whereas the C18 fatty acids and 
the other 40% of C16 are transported into the gland from blood (Falmquist 
et al., 1969). 
De novo fatty acid synthesis In ruminants, the primary 
substrates for de novo synthesis are acetate and 3-hydroxybutyrate (BHB). 
Fatty acid synthesis is a cytosollc process (Davis and Bauman, 1974) In 
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which successive two-carbon units are added to a "primer" fatty acyl-GoA. 
Ruminant fatty acid synthetase prefers to use a four-carbon acyl-CoA as 
its "primer" (Smith and Abraham, 1971), and BHB supplies about 50% of the 
initial four carbons of de novo fatty acids (Falmquist et al., 1969). 
Because BHB dehydrogenase is found almost exclusively in the 
mitochondria, and because the citrate cleavage pathway Is not very active 
in ruminant mammary gland, very little BHB-carbon is incorporated into 
fatty acids after the initial four carbons (Bauman et al., 1970), BHB 
contributes no more than 20% of the carbon for de novo synthesis, and 
more than 80% of the total BHB incorporated into fatty acids is found in 
the initial four carbons (Smith and McCarthy, 1969). The other 80% of de 
novo fatty acid-carbon is derived primarily from acetate. 
Although glucose is the major source for fatty acid synthesis in 
nonruminant mammary cells (Bauman et al., 1970), citrate cleavage enzyme 
activity is low in ruminant mammary tissue, and therefore ruminants use 
very little glucose for fatty acid synthesis (Bauman et al., 1970; Bauman 
and Davis, 1975), Low citrate cleavage enzyme activity may not totally 
explain this lack of glucose incorporated into fatty acids, however, 
because lactate can be used as a fatty acid precursor (Whltehurst et al,, 
1978), other evidence suggests that the extensive use of glucose for the 
synthesis of lactose, glycerol, and reducing equivalents may simply limit 
its availability for entrance into the TCA cycle and subsequent exit from 
mitochondria as citrate (Forsberg et al,, 1985), 
Acetate, on the other hand, is readily available for use in fatty 
acid synthesis, Acetyl-CoA conversion to malonyl-CoA is considered to be 
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the first committed step of fatty acid synthesis, and the activity of the 
enzyme that catalyzes this reaction, acetyl-CoA carboxylase, is enhanced 
greatly at parturition (Bauman and Davis, 1975). Acetyl-CoA carboxylase 
activity Is regulated both by changes In Its rate of synthesis and by 
Interconversion between active and Inactive states. High concentrations 
of cyclic-AMP or long-chain fatty acyl-CoA favor the inactive form 
(Storry et al., 1973), whereas a high protein concentration favors the 
active form (Bauman and Davis, 1974). Regulation of fatty acid chain 
length seems to be a function of the ratio of acetyl-CoA to malonyl-CoA, 
with increases in this ratio favoring synthesis of shorter fatty acids 
(Smith and Dils, 1966). Mammary fatty acid synthetase does not 
synthesize significant amounts of fatty acids longer than 16 carbons. 
Use of preformed plasma fattv acids As mentioned earlier, 
60% by weight of milk fatty acids are derived from transport of preformed 
plasma fatty acids into the mammary gland. The major sources of these 
fatty acids are chylomicrons and very low-density lipoproteins (VLDL); no 
net mammary uptake of nonesterifled fatty acids (NEFA) seems to occur 
(Bauman and Davis, 1974). Lipoprotein lipase within the capillary wall 
hydrolyzes the triglyceride fatty acids (TGFA) of chylomicrons and VLDL 
and thus enables their transport into mammary cells. 
Palmitic, stearic, and oleic acids are the principal fatty acids of 
plasma lipids. After uptake by the mammary gland, they are used almost 
exclusively for milk fat synthesis and account for almost all the G18 and 
half of the C16 milk fatty acids (Davis and Bauman, 1974). According to 
Baldwin and Smith's (1979) model, 10% also are oxidized as an energy 
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source. High concentrations of long-chain fatty acyl-CoA seem to inhibit 
de novo fatty acid synthesis within the mammary gland (Storry et al., 
1973). Therefore, in early lactation, when much body lipid is being 
mobilized and is available to the mammary gland, less short- and medium-
chain fatty acids (except butyrate) are synthesized. 
The blood fatty acids of ruminants are more saturated than those of 
nonrumlnants because of microbial hydrogénation within the rumen (Dawson 
and Kemp, 1970). Fatty acid chain length and degree of saturation are 
the main determinants of melting point for a triglyceride, and a liquid 
nature at body temperature generally is considered to be a desirable 
property of milk fat. Therefore, to compensate for this microbial 
hydrogénation, a desaturase enzyme is present within the mammary gland 
that actively converts stearic acid to oleic acid (fiickerstaffe and 
Annlson, 1970). This enzyme is relatively specific for stearic acid, but 
palmitic acid also is desaturated, and this occurs at a rate equal to 20% 
that of stearic (Bickerstaffe and Annlson, 1968). The fatty acid 
composition of ruminant milk fat in comparison to dietary, ruminai, 
plasma, and adipose tissue lipid is shown in Table 2. 
In the cow, glucose supplies about 60-70% of the glycerol for fatty 
acid esterlficatlon (Lulck and Klelber, 1961). The other 40% of milk fat 
glycerol is from the original glycerol hydrolyzed from triglycerides of 
plasma transport lipoproteins (Bauman and Davis, 1974). The mammary 
arteriovenous difference for free glycerol is zero, and almost no 
glycerol is oxidized within the mammary gland; therefore, on a molar 
basis, the percentage of glycerol from plasma would be expected to equal 
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the percentage of fatty acids from plasma (40 molar %). 
Table 2. Fatty acid composition of lipid from alfalfa hay, rumen 
contents, bovine plasma, ovine fat depots, and bovine milk 
Fatty acid composition fweight percentage) 
Fatty Alfalfa Rumen Blood Perirenal Subcutaneous Milk 
acid hay^  contents* trl- adipose adipose fat^  
glycerides^  tissue^  tissue® 
4:0 id 
6:0 2 
8:0 1 
10:0 4 
12:0 4 
14:0 1 2 5 3 3 13 
16:0 35 33 29 21 20 31 
16:1 1 0 4 4 4 3 
18:0 4 45 27 30 19 11 
18:1 3 8 30 40 48 25 
18:2 24 4 5 3 3 4 
18:3 32 8 1 1 2 1 
®Katz and Keeney, 1966. (Bovine rumen contents, 2 h post-feeding). 
B^itman et al., 1984. (Holstein cows in mid-lactation). 
°Scott et al., 1971. (Sheep). 
C^hristie (1981) reports the weight percentage of C4 to be -3.5. 
Lactose synthesis Lactose is the predominant sugar of milk, and 
its synthesis has been reviewed by Jones (1978), Larson (1965), and 
several others. Briefly, glucose is converted to UDF-galactose in a 
series of reactions, and then UDF-galactose reacts with another glucose 
to form the disaccharlde lactose. Lactose production is thought to be 
the osmotic regulator of total milk production. Of the glucose taken up 
by the bovine mammary gland, 60-70% is incorporated into lactose (Wood et 
al., 1965), so that for each 72 g of glucose uptake, 1 kg of milk is 
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produced (Kronfeld, 1982). 
Protein synthesis The major milk proteins are casein, beta-
lactoglobulin, and alpha-lactalbumin. Excess essential amino acids and 
insufficient nonessential amino acids are taken up by the mammary gland 
(Davis and Bauman, 1974), and some amino acid metabolism must occur 
before amino acids are activated for protein synthesis. Amino acids are 
not thought to be used as a net energy source in lactating mammary gland 
(Baldwin and Smith, 1979); however, studies indicate that the branched-
chain amino acids may serve as an energy source (Wohlt et al., 1977). 
Protein synthesis in mammary gland is similar to that of other cells 
and is controlled at the levels of gene transcription rate, mRNÂ 
stability, and mRNÂ translation rate. Although the quantitative role of 
protein degradation in controlling the net production of casein is 
unknown, ruminant mammary tissue has the capacity for Intracellular 
degradation of newly-synthesized secretory proteins (Wilde and Knight, 
1986). If protein degradation is quantitatively important in controlling 
net synthetic rate of milk protein, then hormones or factors that Inhibit 
proteolysis might result in increased mammary gland protein production or 
energetic efficiency. Casein degradation is known to be Inhibited in 
culture by leupeptin (O'Hare et al., 1986). 
Enerpv sources for milk biosynthesis The lactating mammary gland 
requires ATP as a source of energy for milk synthesis and NADPH as a 
source of reducing equivalents for de novo fatty acid synthesis. In 
ruminant mammary gland, ATP is formed primarily by acetyl-CoA oxidation 
within the mitochondria by the TCA cycle and electron transport chain; 
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NADPH is produced equally by the pentose phosphate pathway and isocitrate 
cycle (Bauman and Davis, 1975). Glucose oxidation accounts for 40-50% of 
the total CO2 output of the gland, but most of this glucose is oxidized 
in the pentose phosphate pathway for NADPH production (Baldwin and Smith, 
1979). Although not as important as it is in nonruminants, glucose is 
permissive for de novo fatty acid synthesis in ruminant mammary gland 
(Forsberg et al., 1984). Of total glucose use by mammary cells, about 
30% is by the pentose phosphate pathway and less than 10% is by the 
glycolytic pathway (Wood et al., 1965). Because glycerol is needed for 
fatty acid esterification, very little glucose is oxidized in the TCA 
cycle. Acetate is probably the major source of ATP in the mammary gland 
because it is very available and can be oxidized readily in the TCA cycle 
(Davis and Bauman, 1974). Acetate accounts for about 35% of total CO2 
output by lactating mammary gland, and half of the acetate taken up by 
the mammary gland is oxidized to CO2 (Baldwin and Smith, 1979; Annison 
and Linzell, 1964). BHB and long-chain fatty acids are only minor energy 
sources for the mammary gland (Davis and Bauman, 1974), whereas fatty 
acids may contribute to as much as 14% of total CO2 output, and ketones 
supply less than 10% (Baldwin and Smith, 1979). 
Efficiency of the lactating mammary eland Whereas the major 
determinant of milk secretion rate is thought to be glucose uptake by the 
mammary gland, the major determinant of mammary gland efficiency has been 
proposed to be long-chain fatty acid uptake (Kronfeld, 1982). The 
partial efficiency for the conversion of acetate to milk fat is 72%, but 
the partial efficiency for conversion of long-chain fatty acids to milk 
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fat Is 95% (Baldwin et al., 1985). Therefore, It is more efficient to 
use long-chain fatty acids to produce milk fat than acetate, and the 
greater the amount of body lipid being mobilized, the greater the 
efficiency of the mammary gland. This difference in partial efficiencies 
for milk fat synthesis provides a basis for optimization of milk 
production and efficiency through dietary and hormonal manipulation. 
Effect of metabolite SUDPIV Nutrient supply to the mammary gland 
directly influences milk synthesis (Moe and Tyrrell, 1986), but it seems 
quantitatively important only if demands of mammary gland are not already 
met. In fasted animals, when glucose was in short supply, milk secretion 
rate was decreased, and, if glucose then was infused into the mammary 
blood supply, milk yield could be improved dramatically (Linzell, 1967). 
However, providing extra glucose, amino acids, or acetate to an already 
well-supplied mammary gland resulted in no changes in milk synthesis 
(Peel et al., 1982; Clark, 1975; Linzell, 1967). Providing extra long-
chain fatty acids also resulted in no change in milk synthesis but did 
change milk fatty acid composition by decreasing the proportion from de 
novo fatty acid synthesis (Hansen and Knudsen, 1987; Storry et al., 
1973). 
Extra-mammarv metabolism In support of milk synthesis 
A cow producing 9500 kg milk per lactation likely will be in 
negative energy balance until about the sixteenth week of lactation, when 
daily milk production is about 80% of peak daily production (Bauman and 
Currie, 1980). During the first month alone, one third of mammary gland 
energy requirements are met by mobilization of body reserves (hence the 
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term, "repartitloning of nutrients"). Adipose tissue lipid is the major 
mobilized substrate during this period; however, some body protein also 
may be mobilized to support milk production. Other "support processes" 
that are altered during lactation are increased appetite, increased 
volatile fatty acid (VFA) production in the rumen, and enhanced 
gluconeogenesis. The liver especially is involved in this support 
metabolism. Support functions of liver include conversion of propionate, 
lactate, glycerol, and amino acids to glucose, coordination of lipid 
metabolism by removing NEFA from blood and packaging them into VLDL or 
oxidizing them to ketone bodies or acetate, detoxification of ammonia 
from enhanced dietary protein intake and ruminai degradation, and 
secretion of somatomedin-C, the probable mediator of growth hormone's 
lactogenic action. 
Lipid metabolism Ruminant lipid metabolism is different from 
that of nonruminants in that the microbial population of the rumen 
hydrolyzes and hydrogenates most dietary fatty acids (Dawson and Kemp, 
1970). The major fatty acids of forages and cereal grains are linolenic 
acid and linoleic acid, respectively (Christie, 1981). Most of these 
unsaturated acids are converted to stearic acid in the rumen so that 
unsaturated fatty acids make up less than 20% of absorbed fatty acids 
(Katz and Keeney, 1966; see Table 2). 
Whole-body lipid turnover The liver synthesizes less 
than 10% of whole-body fatty acid synthesis in ruminants (Bauman and 
Davis, 1975); this seems advantageous for the ruminant because the main 
function of liver is gluconeogenesis. Ruminant liver takes up about 25% 
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of whole-body non-esterlfled fatty acid flux (Bergman et al., 1971) and 
hepatic NEFA uptake Is dependent on NEFA concentration In blood (Bell, 
1981). Most NEFA (50-90%) taken up by the liver are oxidized to ketones 
(Katz and Bergman, 1969), with the rest packaged Into VLDL or oxidized to 
acetate, and only a very small fraction Is oxidized completely to CO2 
(Connelly et al., 1964), 
Chylomicrons and VLDL are both Important In lipid transport vehicles 
in the ruminant (Bell, 1981; Bickerstaffe and Annison, 1974; Falmqulst et 
al., 1969), and almost all net fatty acid uptake by mammary gland from 
blood is triglyceride-fatty acid with VLDL being the primary source of 
mammary gland preformed fatty acids. VLDL concentration of blood, 
however. Is very low In the ruminant (Falmqulst et al., 1969) and is even 
less in lactatlng cows than in nonlactating cows (Varman and Schultz, 
1968). Whether VLDL concentration is low in ruminants because production 
by liver is also very low or because ruminant peripheral tissues remove 
VLDL more rapidly from blood than do nonruminant tissues is not known. 
Palmltate flux in lactatlng cows producing about 22 kg milk per day 
was measured Isotopically to be 260 g/d at four weeks postpartum (Konig 
et al., 1984) and 500 g/d at a stage of lactation not mentioned 
(Bickerstaffe and Annison, 1974). Falmitate makes up about one-third of 
blood fatty acids; therefore, daily NEFA turnover during early lactation 
is likely about 1-2 kg/d in a high-producing cow. Baldwin and Smith 
(1979) have estimated NEFA and TGFA turnover in a lactatlng cow producing 
30 kg milk per day to be 1.5 kg/d and 1.0 kg/d, respectively. Most NEFA 
are derived from lipolysis in adipose tissue and, before being used by 
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the mammary gland, are taken up by the liver and converted to ketones, 
TGFA, or acetate. During lactation, at least 75% of TGFA are used by the 
mammary gland (Baldwin and Smith, 1979), whereas NEFA are used by several 
nonmammary peripheral tissues. Heart uses some NEFA and TGFA (Bell, 
1981), and skeletal muscle also uses NEFA, although muscle probably first 
converts them to triglycerides, and these triglycerides are then the 
preferred fuel (Dagenals et al., 1976). In a study by Bell and Thompson, 
1979 with fed steers, one leg used 13% of total NEFA flux; there was, 
however, a net release of NEFA by the leg, but this net release may have 
been caused by adipose depots within the leg. 
Lipid metabolism in adipose tissue Lipid is the major 
form of stored energy in the animal kingdom, presumably because it is 
energy-dense and thus decreases body weight and improves mobility. Most 
of the stored lipid in animals is in the form of triglycerides, with the 
C16 and C18 fatty acids predominating. 
In ruminants, adipose tissue is composed primarily of palmitic, 
stearic, and oleic acids (Table 2). Acetate, ketones, and some llpogenic 
amino acids are used to synthesize these fatty acids de novo and, along 
with preformed fatty acids from blood, are used to form triglycerides. A 
lactating cow producing 30 kg milk per day probably converts about 20 mol 
acetate and 2 mol ketones to about 3 mol (800 g) of fatty acids in 
adipose tissue per day (calculations based on Baldwin and Smith, 1979). 
Unlike the very young ruminant, the mature ruminant has a relatively 
inactive citrate cleavage pathway (Hanson and Ballard, 1968), which may 
explain partly the relatively low use of glucose carbon for fatty acid 
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synthesis. Glucose, however, does serve as a precursor for the glycerol 
portion of triglycerides and is probably the major source of NADPH 
through it oxidation in the pentose phosphate pathway (Vernon, 1981). 
Adipose tissue fatty acid synthesis, unlike that of mammary gland, 
does produce CIS acids. Similar to mammary gland, adipose tissue has an 
active desaturase enzyme that converts stearic to oleic acid; this enzyme 
seems to be more active in subcutaneous than Internal fat depots (Payne 
and Masters, 1971), resulting in a more unsaturated fat profile in 
subcutaneous depots (Table 2). Other differences among adipose tissue 
depots are: 1) subcutaneous fat contains a greater fraction of its fatty 
acids from de novo synthesis than perirenal fat (Christie, 1981), and 2) 
in young ruminants internal fat lipogenesis is more active than that of 
subcutaneous fat, but in mature ruminants lipogenesis is much more active 
in subcutaneous and intramuscular fat depots that in internal depots 
(Bauman and Davis, 1975). 
Early in lactation, the energy demands of milk production are 
greater than net energy intake. During the first month of lactation, as 
much as 33% of milk production may be from body reserves, and during the 
first 5 or 6 weeks, the total amount of body fat used may be as much as 
50 kg (Bines and Hart, 1982; Belyea et al., 1978). After peak lactation, 
however, enery Intake matches energy needs so that very little body fat 
is lost; body stores are replenished as lactation progresses further. 
Changes in adipose tissue lipid metabolism during lactation are 
summarized in Table 3. 
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Table 3. Changes in adipose tissue lipid metabolism during lactation 
Lactation 
Variable Pregnancy early mid late Reference^  
Plasma NEFA very high a^  
Plasma glycerol high a 
Energy balance + - 0 + b 
Adipocyte volume low low c 
Visceral fat low low d 
In vitro lipolysis low high medium low e 
Response to noradrenaline 
HSlr activity 
high f 
low high medium low g 
LPL^  activity medium low high medium h 
LPL activity low low high high g 
FA^  synthesis low high high i 
FAS^  activity ---- very little change - - - - j 
Response to glucose low 
Glucose oxidation low high high i 
G-6-P DH® activity low j 
Acetate oxidation low high high i 
FA re-esterification medium low high medium 
Glycerol-3-P synthesis medium low high high i 
Glyc-3-P DH^  activity very little change .... j 
a^-Schwalm and Schultz, 1976. 
b-Vernon, 1981. 
c-Vemon and Taylor, 1986. 
d-Smith and Baldwin, 1974. 
e-Metz and van den Bergh, 1977. 
f-Vemon and Finley, 1985. 
g-McNamara et al., 1987. 
h-Shirley et al., 1973. 
i-Gritchting et al., 1977. 
j-Baldwin et al., 1973. 
H^ormone sensitive lipase. 
L^ipoprotein lipase. 
F^atty acid. 
F^atty acid synthetase. 
G^lucose-6-phosphate dehydrogenase. 
G^lycerol-3-phosphate dehydrogenase. 
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The net result of these changes Is that llpogenesls is slightly 
suppressed and llpolysls Is greatly enhanced during early lactation. The 
greater effect on llpolysls than llpogenesls suggests that the fatty acid 
synthetic activity of mammary gland Is supplemented by that of adipose 
tissue, so that after synthesis, NEFA are exported for eventual use by 
mammary gland (Moe and Tyrrell, 1986). A contrasting hypothesis Is that 
adipose tissue and mammary gland are In competition with each other, and 
during lactation the hormonal profile favors mammary gland. This idea is 
supported by work showing that lipogenlc rate in adipose tissue was about 
50% lower In heifers of high genetic merit than those of low genetic 
merit (McNamara and Millers, 1986). 
Much of the NEFA released by adipose tissue during this time is from 
partial hydrolysis of adipose tissue triglyceride, resulting in a 
relatively high NEFA to glycerol ratio in blood (Yang and Baldwin, 1973). 
This ratio has been shown to be greater in high-producing cows during 
early lactation than in low-producers (Bell, 1981). 
Many different factors are considered to be important in the 
regulation of adipose tissue metabolism in ruminants (Table 4). 
Llpogenesls is decreased during fasting, partly because of decreased 
acetate and glucose availability, but during lactation very little change 
in the concentration of these substrates occurs (Vernon, 1981). 
Llpogenesls is also a function of insulin secretion rate (Bell, 1981), 
and membrane transport of glucose likely is decreased during lactation 
because of decreased insulin concentration; acetate entry into adipose 
cells, however, would probably be unchanged. Although fatty acid 
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synthetase activity is not altered, acetyl-CoA carboxylase activity, 
which is known to be affected by insulin, may be decreased. Decreased 
NADPH production by the pentose phosphate pathway may also be a major 
reason for a decrease in lipogenesis during early lactation. 
Table 4. Principal factors regulating adipose tissue metabolism in 
ruminants® 
Factor LPL^  lipogenesis esteriflcation llpolysls 
Glucose +c + + 
Acetate + 
Fatty acids .d + 
Insulin + + . 
Catecholamines . + 
Glucagon + 
Growth hormone - + 
®Table 13, page 326, in Vernon, 1981. 
L^ipoprotein lipese. 
S^timulating effect. 
I^nhibitory effect. 
Hormone-sensitive lipase activity, on the other hand, is altered at 
parturition and is known to be regulated indirectly by cAMP concentration 
(Bauman and Davis, 1975). In nonrumlnants, catecholamines and glucagon 
Increase and insulin decreases cAHP concentration, so a decrease in 
Insulin concentration would Increase cAMP concentration and thus enhance 
llpolysls. However, insulin is reported to have little effect on cow 
adipose tissue llpolysls (Yang and Baldwin, 1973), and the response to 
lipolytic hormones is much less in ruminants than in nonrumlnants (Bauman 
and Davis, 1975). Adenosine has been implicated as a potential regulator 
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of llpolysls in ruminant adipose tissue during lactation, and factors 
which alter adenosine metabolism may therefore alter lipid metabolism 
(Vernon and Taylor, 1986). Insulin to growth hormone ratio likely Is 
Involved In the regulation of adipose tissue metabolism, and these two 
hormones will be discussed further In section III. 
Ketone metabolism Much of the mobilized lipid from adipose 
tissue is oxidized by liver as an energy source, but because hepatic 
oxidation of fatty acids during lactation is Incomplete, the ketone 
bodies, acetoacetate and BHB, are produced and released to the blood. In 
fed ruminants, ketones also are synthesized from ruminally produced 
butyrate. Half of this ruminai butyrate is converted to ketones in the 
rumen epithelium (Weigand et al., 1972), with most of the remaining 
butyrate converted to ketones in the liver. Studies by Sutton (1985) 
show that, for lactatlng cows fed a normal, barley-based diet and eating 
10 kg digestible dry matter (DDM) per day, portal absorption of butyrate 
and BHB was about 500 and 600 g daily, respectively. Whereas the major 
precursor of liver ketone synthesis is likely butyrate which has escaped 
metabolism in rumen epithelium (Bell, 1981), NEFA oxidation is 
undoubtedly an Important precursor for ketogenesls in fed lactatlng cows 
in negative energy balance. 
Baldwin and Smith (1979) estimated that 1100 g ketones per day 
entered the blood pool. If we assume that 25% of blood NEFA are taken up 
by liver (Bergman et al., 1971) and that 50-90% of these are oxidized to 
ketones (Katz and Bergman, 1969), then, based on Baldwin and Smith's 
model with a NEFA entry rate of 5.5 mol/d, about 30-40% of ketones are 
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derived from adipose tissue lipid. In a study by Pethick et al. (1983), 
NEFA contributed about 20% of ketone carbon oxidized to CO2 in fed 
nonpregnant sheep. Lomax and Baird (1983) reported that portal uptake of 
butyrate, BHB, and acetoacetate in fed cows (2 lactating and 2 
nonlactating) was 150, 360, and 100 g/d, and total splanchnic output was 
30, 800, and -25 g/d, respectively. These data indicate that 1) liver 
removes 80% of portal blood butyrate and all portal blood acetoacetate, 
and probably converts them along with some NEFA from adipose tissue to 
BHB, 2) liver produces 40-50% of splanchnic ketone output, 3) portal 
absorption accounts for 77% of of total splanchnic ketogenesis, and 4) 
55% of net liver ketogenesis is from sources other than butyrate, e.g. 
amino acids and fatty acids. Because liver BHB output is greater in 
well-fed lactating cows than in nonlactating cows (Baird et al., 1975) 
and lipid mobilization is high during early lactation, the contribution 
of splanchnic ketones from NEFA is probably greater in lactating cows 
than nonlactating cows; thus the 30-40% value calculated from data of 
Baldwin and Smith (1979) may hold true. 
Heitmann et al. (1987) have estimated the net contribution to total 
splanchnic ketogenesis of portal-drained viscera and liver to be 36 and 
11 g/d in fed sheep, -6 and 140 g/d in fasted sheep, and 60 and 40 g/d in 
lactating sheep. The contribution of liver to splanchnic ketogenesis is 
thus 23%, 100%, and 40% for fed, fasted, and lactating sheep, 
respectively. 
Regulation of hepatic ketogenesis from endogenous lipid In 
non-ruminants, the same blhormonal control that operates for 
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gluconeogenesls seems to hold true for ketogenesls (HcGarry and Foster, 
1980). Whereas insulin's major role in controlling hepatic ketogenesis 
seems to be in the regulation of NEFA supply, glucagon seems to have more 
of an effect on liver itself by enhancing its ketogenic machinery. The 
glucagon to Insulin ratio, however, actually may be more important in 
regulating hepatic metabolism than the absolute concentration of either 
hormone alone. 
The current working theory of the hepatic regulation of ketogenesis 
from NEFA has been discussed by HcGarry and Foster (1980) and Bell 
(1981). In nonruminants, the rate-limiting step in the oxidation of 
long-chain fatty acids (LCFA) in liver cells seems to be entrance into 
the mitochondria, which is catalyzed by the enzyme carnitine 
acyltransferase-I (CAT-I). Glucagon seems to increase hepatic carnitine 
concentrations, which presumably would increase CAT-I synthesis, and 
therefore LCFA entrance into the mitochondria (McGarry and Foster, 1980). 
Malonyl-GoA is a potent inhibitor of CAT-I, and its concentration is 
decreased by a greater glucagon to insulin ratio. LCFA-CoA also 
decreases the synthesis of malonyl-CoA and thereby indirectly enhances 
its own oxidation (McGarry and Foster, 1980). Therefore, when fatty acid 
synthesis is enhanced in animals that synthesize fatty acids in liver, 
the newly synthesized fatty acids would be routed toward esterification 
and not oxidation. In the ruminant, however, fatty acids are synthesized 
primarily in adipose tissue or mammary gland, and malonyl-CoA seemingly 
would serve no purpose in liver other than CAT-I regulation. Studies by 
Alello and coworkers (1984) indicate that CAT-I is the regulatory step of 
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hepatic ketogenesls In ruminants also. In their studies, they also found 
that ketone production from both palmltate and buyrate was greatest in 
liver slices obtained from cows at 30 days Into lactation as compared to 
other stages of lactation. Whereas a high concentrate diet enhanced 
gluconeogenesls from propionate and decreased ketogenesls from palmltate, 
It seemed to have no effect on hepatic butyrate metabolism. Thus It 
seems that CAT-I Is a regulatory step for ruminant ketogenesls because 
CAT-I Is not needed for mitochondrial uptake of short- and medium-chain 
fatty acids but is needed for LCFÂ. 
Once in the mitochondria, fatty acids undergo ^ -oxidation to acetyl-
CoA. Acetyl-CoA may enter the TCA cycle; however, because ruminant liver 
is geared toward gluconeogenesls, oxaloacetic acid may be limiting for 
complete oxidation of most fatty acids (Bell, 1981). This would result in 
elevated mitochondrial acetyl-CoA concentrations. HMG-CoA synthase, 
which is the rate-limiting step in conversion of acetyl-CoA to ketones, 
is found in large quantities only in liver (Williamson et al., 1968), and 
its activity is dependent on the acetyl-CoA to free CoA ratio (Sauer and 
Erfle, 1966). For a given input of LCFA to the liver then, ketone output 
seems dependent on the liver's ability to generate acetyl-CoA. 
The exact mechanism controlling the partition of LCFA between the 
pathways of esteriflcatlon and oxidation in ruminants is not well 
understood. The liver's capacity to secrete VLDL seems less than its 
ability to esterlfy fatty acids, and apoprotein synthesis may be be 
limiting in ruminant liver (Bell, 1981). Rapid uptake of LCFA by hepatic 
mitochondria and limited availability of glucose for hepatic glycerol 
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production likely also are involved in directing LCFA metabolism in liver 
of lactating cows in negative energy balance. 
Peripheral use of ketones Ketones serve as an alternative 
fuel source for body tissues when carbohydrates are in short supply or 
cannot be used efficiently; during lactation, ketones also are used in 
milk synthesis. The major factor influencing the utilization rate of 
blood ketones in rats is concentration (Williamson et al., 1971), and 
ketones are used as an oxidizable substrate in heart, kidney, skeletal 
muscle, and mammary gland. 
Ruminant heart prefers to use ketones as its fuel source (Bell, 
1981), and skeletal muscle from fed sheep used ketones for 15% of CO2 
production (Fethick et al., 1983). Whereas ketones can replace glucose 
as fuel source in the brain of nonruminants (Owen et al., 1967), ruminant 
brain relies almost exclusively on glucose, even during ketonemia 
(Lindsay and Setchell, 1976). 
Bovine mammary gland extracts about 20% of acetoacetate and 45% of 
BHB from inflowing blood (Laarveld et al., 1985), and calculations based 
on Baldwin and Smith's (1979) lactating cow model indicate that mammary 
gland accounts for 16% of total ketone turnover. However, whether entry 
rate includes conversion of acetoacetate to BHB in liver is not 
mentioned, so mammary uptake actually may be greater (20-25%) based on 
net ketone entry rate. In the lactating sheep model of Heitmann et al. 
(1987), mammary gland, hindquarters, kidney, and liver remove 43%, 38%, 
10%, and 9%, respectively, of total ketones entering the blood. However, 
the authors do not include use by peripheral tissues other than 
26 
hindquarter, so this 43% uptake by mammary gland is probably too high. 
Combining the results of these two studies leads to the conclusion that 
mammary gland probably uses 20-30% of available ketones. 
Ketones are reported to have several effects on metabolism. They 
may spare glucose from oxidation (Soling and Kleineke, 1976), inhibit 
muscle proteolysis and thereby decrease gluconeogenesis from amino acids 
(Sherwin et al., 1975), and decrease adipose tissue lipolysis (Williamson 
and Hems, 1970). These effects seem related to the reported stimulation 
of insulin secretion by ketones, but lipolysis also is thought to be 
decreased directly by ketones (Williamson and Hems, 1970). This effect 
on lipolysis has led several authors to suggest an "auto-regulatory 
hypothesis" for ketone metabolism, i.e., that ketones produced from 
mobilized lipid feed back to adipose tissue, inhibit lipolysis, and 
thereby indirectly inhibit their own synthesis. Heitmann et al. (1987) 
proposed that this auto-regulation is of greater Importance in the 
relatively insulin-insensitive ruminant, especially the lactating dairy 
cow because insulin does not seem needed by the mammary gland. 
Acetate metabolism Based on the model of Baldwin and Smith 
(1979), total acetate entry rate for a cow producing 30 kg milk per day 
is almost 4000 g/d. Other laboratories have determined total acetate 
entry rate to be 3700 g/d in cows producing 19 kg milk (Bickerstaffe and 
Annison, 1974) and 2500 g/d in cows producing 22 kg milk (Konig et al., 
1984). Acetate entry rate was 6.5 g/kg/d in lactating ewes (King et al., 
1985; Pethick and Lindsay, 1982), almost twice the entry rate of 3,6 
g/kg/d in nonlactating sheep (Pethick et al., 1981) and equivalent to 
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about 2000 g/d for a lactatlng cow If based on metabolic body size. 
Because none of the above measurements of acetate flux measured portal 
acetate specific radioactivity, acetate taken up by the liver likely had 
a specific radioactivity 50% less than that of arterial blood; therefore. 
If liver accounts for about 20& of total acetate use, then acetate entry 
was probably overestimated by about 10% (Fethlck et al., 1981). Assuming 
that acetate concentration is about 1.5 mM (90 mg/1), and that 
extracellular fluid volume in a lactatlng cow is about 60 1, then the 
blood acetate pool is about 5 g and must turnover once every 2-3 mln. 
Blood acetate in ruminants is derived from two major sources--
portal absorption and endogenous production. Host absorbed acetate Is 
derived from microbial fermentation In the rumen, but about 10-15% is 
from intestinal fermentation (Sutton, 1985). 
Portal absorption of acetate peaks about 2 hours after feeding of a 
silage meal to nonlactatlng cows (Huntington and Reynolds, 1983), and its 
concentration in blood peaks at 1-2 mM within several hours after a meal. 
The concentration then gradually decreases to about .5 mM by 12-20 hours 
(Bassett, 1974). Lomax and Balrd (1983) determined portal absorption of 
acetate in fed cows (2 lactatlng and 2 nonlactatlng) to be 1500 g/d and 
total splanchnic output to be 2000 g/d. Sutton (1985) reports that 
portal absorption of acetate in lactatlng cows is 2900 g/d (290 g/kg 
dlgestlvel dry matter). 
Liver production of acetate is thought to be an alternative to 
ketogenesls, with the balance favoring acetate when carnitine 
concentration Is relatively high (Bell, 1981). However, Pethlck et al. 
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(1981) found that factors that promote ketogenesls do not proportionally 
affect acetate release. Hepatic production of acetate instead of ketones 
should be an advantage to the lactating ruminant because acetate is a 
more Important source of carbon for mammary gland lipogenesis than are 
ketones (Falmquist et al., 1969). 
Fethick et al. (1981) have determined that in fed, insulin-treated, 
diabetic sheep, the contribution of gut, liver, and muscle to total 
acetate production was 78, 20, and 2%, respectively; therefore, 22% of 
total entry was endogenous production of which 90% was from liver. 
Bergman and Wolff (1971) found that endogenous production accounted for 
20% of total entry rate in fed sheep and 80% in fasted sheep. In the 
fasted sheep, only 20% of endogenous production was from liver. In a fed 
lactating cow under energy stress, total entry rate of acetate is 
probably about 4000 g/d, with about 60% from ruminai fermentation, 8% 
from intestinal fermentation, 16% from liver, and 16% from peripheral 
tissues. 
Use of acetate Conflicting reports exist as to the use of 
acetate by liver. Cook and Miller (1965) found that absorbed acetate 
from the gut is not removed by liver; this low hepatic uptake seems 
consistent with the relatively high activity of hepatic acetyl-CoA 
hydrolase compared to that of acetyl-CoÂ synthetase (Knowles et al., 
1974). Liver, therefore, would be expected to release acetate from 
incomplete oxidation of metabolites and to use very little acetate as an 
energy source, especially in a lactating cow with restricted hepatic TCA 
cycle activity. Pethlck et al. (1981), however, determined acetate use 
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by liver, gut, and muscle of fed, insulin-treated diabetic sheep to be 
17, 25, and 54% of total entry rate, respectively. The discrepancy 
between these studies is not understood, but Pethick et al. (1981) 
determined that the reported acetyl-CoA synthetase activity of Knowles et 
al. (1974) is sufficient to account for hepatic acetate uptake and 
subsequent metabolic use. Studies of both Pethick et al. (1981) and 
Bergman and Wolff (1971) indicate that gut tissues directly utilize 30% 
of absorbed acetate and that most of this acetate is oxidized. 
The major factor determining acetate use by peripheral tissues, 
including mammary gland, is arterial concentration (Pethick et al., 1981; 
Moore and Christie, 1981). Mammary gland extracts about 60% of arterial 
acetate in sheep (Pethick and Lindsay, 1982) and accounts for 40% of 
whole-body acetate use in lactating goats (Davis and Bauman, 1974), 17% 
in lactating sheep (Pethick and Lindsay, 1982), and 24% in lactating cows 
(Baldwin and Smith, 1979). 
Net muscle uptake accounts for about half of total acetate use. 
During lactation in sheep, actual muscle uptake decreases slightly and, 
because of the increased total entry rate, fractional uptake decreases to 
half (Pethick and Lindsay, 1982). Almost all acetate taken up by muscle 
is oxidized in the TCA cycle (Holdsworth et al., 1964; Bell, 1981); 
however, significant amounts can be stored as acetyl-carnitine. In a 50-
kg sheep, 6 g of acetate can be stored in this way (Snoswell and 
Koundakjian, 1972). Some acetate also may be used for Intramuscular 
llpogenesls. Acetate accounts for about 33% of muscle O2 use, and this 
figure decreases during lactation to 22% (Pethick and Lindsay, 1982). 
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Heart also uses some acetate, but ruminant brain uses acetate for less 
than 5% of its energy needs (Lindsay and Setchell, 1976). Acetate is 
probably the major energy substrate for kidney from a fed ruminant (Bell, 
1981). 
About 30-40% of whole-body acetate use is oxidized in insulin-
treated diabetic sheep (Pethick et al., 1981), and 35-55% is oxidized in 
lactating cows (Konlg et al., 1984; Baldwin and Smith, 1979). Whereas 
acetate has effects similar to ketones in that it may inhibit llpolysis 
and spare glucose from oxidation in skeletal muscle (Pethick and Vernau, 
1984), it does not stimulate Insulin secretion (Trenkle, 1981). 
Glucose metabolism A cow producing 40 kg milk needs about 3000 g 
glucose per day (Hart, 1983). Baldwin and Smith (1979) estimated that 
glucose entry rate in a cow producing 30 kg Is 3300 g/d. Konlg et al. 
(1984) determined non-Cori cycle glucose flux to be 1900 g/d in lactating 
cows. 
Very little glucose is absorbed from the gastrointestinal tract in 
ruminants. Sutton (1985) estimated that as much as 4-9% of digestible 
energy intake Is from absorbed glucose (which calculates to 400-800 g 
glucose per day) in lactating cows, depending on diet composition. 
Huntington and Reynolds (1987) found the net glucose flux across portal 
tissues in lactating cows to be -250 g/d. Ruminants, then, must rely on 
gluconeogenesis to meet almost all their glucose needs. This major and 
continuous function of the liver is evidenced by the constantly high 
activity of liver gluconeogenic enzymes (Baird et al., 1968). Thus, in 
contrast to nonruminants, gluconeogenesis in ruminants is greatest 
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Immediately postprandlally and is directly proportional to dry matter 
intake (Steel and Leng, 1973a). A small increase in the activity of some 
gluconeogenic enzymes is observed during lactation (Hesbah and Baldwin, 
1983), when gluconeogenesis is known to be greatly enhanced (Bennink et 
al., 1972). In the regulation of gluconeogenesis, glucagon seems to be 
more involved after feeding, whereas the glucocorticoids seem more 
involved during fasting (Trenkle, 1981). During lactation, both of these 
hormones may be involved, because both increased feed intake and 
decreased energy balance are likely responsible for increased 
gluconeogenesis. 
The major precursors for gluconeogenesis are propionate, amino 
acids, glycerol, and lactate (Hart, 1983). Sutton (1985) reports that 
daily portal absorption in lactating cows producing 30 kg milk is about 
400 g glucose, 1200 g propionate, and 270 g lactate. Lomax and Baird 
(1983) determined portal uptake of propionate and lactate to be 600 and 
360 g/d, respectively, in fed cows (2 lactating and 2 nonlactating). 
Baldwin and Smith (1979) have estimated total daily entry rates in 
lactating cows producing 30 kg milk to be 3300 g glucose, 2000 g 
propionate, 220 g glycerol, and 750 g lactate. Their model shows that 
70% of propionate, all glycerol, and all lactate is used for 
biosynthesis. If we use this model and assume that all biosynthesis with 
these metabolites is gluconeogenesis, that 5% of glucose entry rate may 
be absorbed, and that half of lactate entry rate is Cori cycling, then 
gluconeogenic carbon is 55% propionate, 11% gut lactate, 11% lactate from 
Cori-cycling, 7% glycerol, and 10% amino acids. These figures agree with 
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others: 20-60% from propionate In fed ruminants (Steel and Leng, 1973b), 
2-15% of whole-body glucose flux in ruminants from Cori cycling (Baird et 
al., 1983), and 5% of non-Cori cycle gluconeogenesis from glycerol 
(Bergman et al., 1968). 
There Is discrepancy, however, over the contribution of amino acids. 
Bergman and Heitmann (1978) have reported a 30-40% contribution from 
amino acids, and Lomax and Balrd (1983) determined that 9% was from 
alanine, glycine, serine, and threonine. Oldham and Smith (1982) state 
that the contribution of amino acid carbon to net glucose synthesis is 
likely to be less than 5% of glucose requirement in high-yielding cows. 
If we assume a cow producing 30 kg is in zero protein balance and is 
absorbing 1600-1800 g amino acids, then about 700 g amino acids would be 
available for gluconeogenesis daily. Direct oxidation of amino acids 
exceeds gluconeogenesis by 4:1 in nonlactatlng ruminants (Lindsay, 1976), 
but in lactating ruminants the fraction converted to glucose is likely 
much greater. Potential glucose yield from amino acids is thought to be 
550 g per kg of protein (Krebs, 1965). If we consider glucose yield to 
be as much as 500 g from 1 kg excess amino acids (of which some are 
oxidized directly), then even for a cow in early lactation with net 
protein mobilization of 250 g/d (a maximal value), gluconeogenesis from 
amino acids cannot account for more than 17% of total glucose needs. 
Glucose use During lactation, mammary gland in sheep and 
cows extracts about 30% of arterial glucose (Pethlck and Lindsay, 1982). 
Calculations based on Baldwin and Smith's (1979) model of a lactating cow 
producing 30 kg milk with whole body glucose flux of 3300 g/d show that 
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mammary gland dally takes up 2200 g glucose and uses 1520 g (69%) for 
lactose synthesis, 120 g (5%) for glycerol synthesis, and 560 g (25%) for 
oxidation. These figures agree with previous measurements (Annison and 
Linzell, 1964; Annison et al., 1974). 
Because of this demand of mammary gland for glucose, a metabolite in 
short supply, ruminant metabolism is altered so that glucose is spared 
during lactation. Ruminant liver, adipose tissue, and mammary gland lack 
an active citrate cleavage pathway (Young et al., 1969; Bauman et al., 
1970; Hanson and Ballard, 1968), so glucose is not used for fatty acid or 
ketone synthesis. Acetate is used instead for fatty acid synthesis, and 
acetate is used via the isocitrate pathway to supply half the NADPH 
needed for fatty acid synthesis by mammary gland (Bauman and Davis, 
1975). Glucose is used in fat synthesis during lactation to supply the 
other half of NADPH and to supply about half the glycerol for 
esterification (Bell, 1981). During early lactation, muscle use of 
glucose decreases from 57% to 32% of oxygen uptake (Pethick and Lindsay, 
1982), and glucose oxidation in adipose tissue also is decreased 
(Gritchting et al., 1977). Ruminant brain, however, relies almost 
exclusively on glucose even during ketonemia (Lindsay and Setchell, 1976) 
and probably also during lactation. 
Protein metabolism A lactating cow producing 30 kg milk 
synthesizes 1 kg of milk protein per day; this is equivalent to a 6 kg 
gain in body weight per day. The minimal dietary crude protein 
requirement to support this production is 2360 g crude protein (CP) 
(Oldham and Smith, 1982). 
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Huntington (1984), in studies using lactating cows producing 24 kg 
milk and consuming 2400 g CP per day, has determined portal amino acid 
(AÂ) uptake to be 860 g/d or 36% of CP Intake. Of this 860 g AA, 720 g 
or 84% would be secreted into milk. The figure of 36% of CP Intake being 
taken up as AA in the gut is similar to that for sheep--48 g AA uptake 
with 156 g CP intake (Tagari and Bergman, 1978). By using Iowa State 
University's metabolizable protein (MP) system, however, a greater value 
for AA uptake is obtained. In the cow study, calculations reveal an MP 
uptake of 1300 g/d; therefore, if this predicted MP value is correct, 
portal uptake of amino acids accounts for only 66% of MP uptake. This 
figure agrees with measured values from the sheep study in which the 
authors found that only 30-80% of essential AA disappearing from gut 
appeared in portal plasma. The most likely reason for this discrepancy 
between MP intake and portal AA absorption is that di- and tripeptides 
account for about 25% and up to 70% of amino nitrogen absorbed in the gut 
(Alpers, 1986; Webb, 1986). For a 600-kg cow producing 30 kg milk, 
calculated MP and net protein values are 1600 and 1100 g/d, respectively. 
Of this, 960 g is secreted into milk, and 140 g is net protein for 
maintenance (endogenous losses). Net protein need for maintenance, 
however, is actually a result of inefficiency in protein turnover. 
Protein turnover Gatabolism of amino acids is the result of 
1) unbalanced AA Intake and 2) the extent to which proteins are "turned 
over". The components of plasma AA turnover are: inputs (diet and 
proteolysis) and outputs (AA oxidation and protein synthesis). Body 
protein turnover is the daily degradation and resynthesis of body 
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proteins and requires energy Input. Whereas some protein turnover 
probably Is required to maintain a dynamic system (adapting to new 
situations), there Is much about protein turnover we do not understand. 
In drowlng or lactatlng animals, in which protein production is desired, 
much protein turnover seems inefficient. 
One of the primary problems encountered in measuring protein 
turnover is determining the specific radioactivity (SA) of the precursor 
pool for protein synthesis. Protein turnover in ruminants is even more 
difficult to measure than that of nonrumlnants because of the additional 
problems of nitrogen recycling through the rumen and determination of 
amino acid absorption. 
If we assume that leucine equals 7% of total protein, work by Pell 
et al. (1986) indicates that fed 58-kg ewes have a plasma protein 
turnover of 286 g/d. Protein synthesis, oxidation, degradation, and 
absorption are 243, 43, 186, and 100 g/d, respectively. After a 3-day 
fast, plasma AA turnover decreased to 229 g/d, and synthesis, oxidation, 
and degradation changed to 182, 47, and 229 g/d, respectively. In 
another study, whole-body protein synthesis in pregnant ewes (60 kg) was 
264 g/d (Schaefer and Krlshnamurtl, 1984), very similar to that of fed 
nonpregnant ewes. 
In 20-kg growing lambs, whole-body protein synthesis was calculated 
to be 240 g/d by using plasma leucine SA or 610 g/d by using 
intracellular leucine SA (Davis et al., 1981). Whole-body protein 
absorption and oxidation were 114 and 95 g/d, respectively; therefore, 
net protein synthesis was only 19 g/d, a very low value for growing 
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lambs. Of total protein synthesis, 20% was In skin, 34% gut, 9% liver, 
and 20% carcass (muscle). 
Lobley and coworkers (1980) measured protein turnover In two 250-kg 
heifers gaining 600 g/d and in a 630-kg dry cow. Estimates for whole-
body synthesis were 1.6 times greater when tissue homogenate SA was used 
instead of plasma SA; if an average SA was used for calculations, then 
synthesis was 2000 g/d for heifers and 2500 g/d for the cow. The heifers 
were gaining about 110 g protein per day, but feed intake was not 
recorded. According to NRG requirements, they were probably consuming 
"360 g HP, so synthesis degradation, absorption, and oxidation were 2000, 
1890, 360, and 250 g/d. The cow was fed a maintenance diet with 650 g 
CP/d (about 330 g MP), so degradation must have been equal to synthesis 
(2500 g/d) and absorption and oxidation were both 330 g/d. Percentage 
contribution of carcass muscle, gastrointestinal tract, liver, and hide 
to total protein synthesis was 15, 42, 7, and 17%, respectively. Carcass 
muscle protein degradation, then, was about 200 g/d for growing heifers 
and 375 g/d for mature cow. These values are similar to those obtained 
from a study by Gopinath and Kitts (1984), in which muscle protein 
degradation in growing 430-kg steers was determined to be 560 g/d by 3-
methylhistidine excretion, of which half is likely from splanchnic 
muscle. 
In a lactatlng cow, whole-body protein turnover is very likely 
increased over that in a nonlactating cow. AA absorption is at least 
four times that of the dry cow studied by Lobley et al. (1980), and 
nonmammary whole body protein synthesis is probably similar. In 
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lactatlng rats, protein synthesis In mammary gland doubled from day 3 to 
15 with no change in liver protein synthesis (Jansen and Hunsaker, 1986). 
Calculations from data by Pethick and Lindsay (1982) indicate that muscle 
uptake of oxygen may decrease 15% with lactation in sheep, and Baldwin et 
al. (1985) estimates carcass heat production to be decreased 8% in 
lactating cows; if this is true, it may be associated with a decrease in 
skeletal muscle protein synthesis. 
From nitrogen balance studies, cows in early lactation producing 24 
kg milk per day were shown to lose about 40 g protein per day; by week 
20, the balance was again positive with a gain of 56 g/d (Huntington, 
1984). When fed protein-deficient diets, cows can lose up to 20 kg of 
body protein during early lactation (Botts et al., 1979). Using 
potasslum-40 counting, Belyea and others (1978) determined body protein 
loss in dairy cows during the first 6 weeks of lactation to be 10 kg. In 
comparative slaughter studies, however. Bines and Hart (1982) found that, 
although adipose tissue weight had declined 40% by peak lactation (week 
5), no change in muscle or bone weights had occurred. Another study has 
shown a 20% reduction in bovine trapezius muscle fiber size during the 
first eight weeks of lactation, compared with a 50% reduction in 
subcutaneous fat thickness (Roberts et al., 1979). In summary, then, body 
protein net loss during early lactation is not as great as fat loss, and 
likely seldom exceeds 250 g/d. 
Baldwin et al. (1985) estimated nonmammary energy expenditure to be 
increased from 10.6 Mcal/d in nonlactating cows to 11.6 Mcal/d in 
lactating cows. Digestive tract, liver, and heart account for the 
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Increase, whereas muscle and adipose tissue heat production actually are 
decreased. Because of the close association between heat production and 
protein turnover, It seems likely that protein turnover follows the same 
trend. 
From the above discussion, whole-body protein turnover Is estimated to 
be 4600 g/d In a cow producing 30 kg milk per day during early lactation. 
Inputs Into plasma are 1700 g from absorption and 2900 g from 
proteolysis. Outputs are 900 g for oxidation and 3750 g for synthesis, 
of which 1000 g Is In milk. Based on these estimates, I make the 
following conclusions and comments: 
1) 21% of plasma AÂ turnover is oxidized in the lactating cow 
compared to 12% in the dry cow. Liver is more metabollcally active 
during lactation (Baldwin et al. 1985), and, because of Increased glucose 
needs, possibly more amino acids are catabollzed by liver. This 850 g of 
amino acids could provide as much as 500 g glucose (Krebs, 1965). 
However, a significant portion, especially of the branched-chain amino 
acids, may be oxidized in other tissues as an energy source because of 
decreased glucose use by nonmammary tissues. In underfed steers and 
sheep, nitrogen balance can be maintained during negative energy balance, 
indicating that ruminants can distinguish between protein and energy-
yielding nutrients and do not readily use protein as an energy source 
(Orskov et al., 1983). Although this seems less true for the lactating 
cow (compared with the dry cow, 80% of amino acids are recaptured as 
protein during a time of great energy demand. 
2) Nonmammary protein synthesis is decreased slightly in the 
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lactating cow, but still accounts for 70% of total protein synthesis. Of 
nonmanunary protein synthesis, liver, gastrointestinal tract, and heart 
probably account for more, and skeletal muscle and hide account for less 
in a lactating cow than in a nonlactating cow. 
3) Net mobilization of protein is 150 g/d. If this were converted 
directly to milk protein (unlikely), then the net contribution of body 
protein to milk protein would be 15%. This rate of net mobilization 
probably would occur until about wk 6 of lactation, after which it would 
gradually decrease and net body protein synthesis would be positive 
during mid and late lactation. At these rates, net mobilization and 
resynthesis of body protein during a lactation cycle would be about 6-10 
kg. 
Maintenance energy requirement Baldwin and coworkers (1985) have 
divided whole-body maintenance energy expenditure into three major 
classes; 40-50% is work functions (liver, heart, kidney, nerve, and lung 
work), 15-25% is cell component synthesis (primarily protein and membrane 
lipids), and 25-35% is membrane transport (mostly associated with 
membrane potential maintenance and Na***, K'^ '-ATPase). 
Contribution of ion oiunpln^  The above estimates for ion 
pumping are derived primarily from work by Milligan and coworkers. They 
have found that, in calf muscle in vitro, ouabain inhibited 40% of 
respiration and that the energy needed for peptide synthesis was less 
than 4% of oxygen consumption (Gregg and Milligan, 1982). No apparent 
relation existed between these two functions. Milligan and McBride 
(1985) reported that in vitro ruminant tissues used 26-46%, 28-61%, and 
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18-54% of their total oxygen consumption to support Na"^ , K"^ -transport in 
skeletal muscle, duodenal epithelium, and hepatocytes, respectively, and 
that these values were increased in tissues from lactating animals. In 
1986, however, Milligan and Summers reported that previous estimates for 
ion pumping were probably too high, and that, during fasting or when 
using a complex media for incubations, only 20% of energy expenditure was 
caused by Na+,K+-ATPase. They also stated that previous estimates for 
the contribution of protein synthesis are likely too low because muscle 
in vitro does not synthesize protein as rapidly as in vivo. 
Contribution of protein turnover Estimates for the 
contribution of protein synthesis to energy requirement vary from 8 to 
40%. In 40-kg sheep, Millward and Garlick (1976) calculated it to be 8% 
based on a value of 3.6 kJ heat per g protein synthesized. Lobley et al. 
(1980) used a value of 4.5 kJ per g protein (4-5 ATP per peptide bond) 
and demonstrated that, depending on which AA pool is the precursor pool, 
16-28% of heat production was the result of protein synthesis in growing 
heifers and a dry cow. Reeds et al. (1982) reported a contribution of 
20% of heat production from protein synthesis in growing pigs, and Young 
et al. (1983) summarized the literature to give a minimal estimate of 15-
25%. Davis et al. (1981) used intracellular leucine SA to calculate 
protein turnover in growing lambs and found net protein synthesis to be 
only 5% of total protein synthesis. They then used the figure of 4.5 
kJ/g protein and determined protein synthesis to account for 42% of heat 
production. 
In support of the higher value, Lobley (1986) measured protein 
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synthesis (based on blood leucine Irreversible loss), heat production, 
and fat and protein deposition In beef steers fed at either maintenance 
or 1.6 times maintenance. By using heat production values of 4.5 kJ/g 
protein synthesized and 320 kJ/HJ fat deposited, he calculated an 
expected Increase In heat production, which was only 56% the observed 
Increase. Whereas his value for the cost of fat deposition may have been 
underestimated, the cost of protein synthesis was quite likely 
underestimated. Using Intracellular leucine SA to calculate protein 
synthesis would have doubled the rate of synthesis, and the value of 4.5 
kJ/g protein synthesized (4-5 ATP per peptide bond) also may be an 
underestimate (see discussions by Reeds et al., 1985; Milligan and 
Summers, 1986). In studies with adult man, 50% of energy expenditure Is 
related statistically to protein turnover, which implies that indirect 
costs of protein turnover may be significant. 
Contribution of different tissues Organ size is an 
indicator of heat production by that organ. Koong et al. (1985) has 
shown that in the gastrointestinal tract, liver, kidneys, and pancreas of 
well-fed pigs make up a greater share of total body weight and that 
fasting heat production is greater than in undernourished pigs. These 
enlarged organs are metabollcally more active than other body tissues 
and, therefore, are thought to cause the Increased whole-body heat 
production. Thus, based on data from Smith and Baldwin (1974) (Table 5), 
we would expect a lactating cow to have a greater basal heat production 
than a nonlactating cow of equal body weight. This Is evidently true, as 
Moe (1981) has reported that ME for maintenance is 20% greater in 
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lactating than in nonlactating cows. 
Table 5. Effect of lactation on organ weights* 
Nonlactating Lactating 
kg tissue 
Digestive tract 26.4 33.9 
Liver 9.1 11.4 
Heart 2.6 3.2 
Visceral fat 51.1 42.0 
Carcass 406.3 375.2 
Skin 33.0 31.3 
Kidney and brain 2.6 2.6 
Mammary 13.1 22.7 
Other (head, hooves, etc.) 105.8 127.7 
Total 650.0 650.0 
®From Table 5, p. 1059, in Smith and Baldwin (1974). 
In studies with 60-kg ewes, Oddy et al. (1984) determined that heat 
production was 8.5 MJ/d in dry ewes and 12.9 MJ/d in ewes producing 708 g 
milk per day. Skeletal muscle accounted for 28% of total heat production 
in dry ewes but only 14% in lactating ewes. Milk energy output was 3.1 
MJ/d (23% of ME intake) and mammary gland energy use was only .29 MJ/d 
less than 3% of total heat production or metabolizable energy (ME) 
intake. Pethick and Lindsay (1982), however, have found that the manmiary 
gland in lactating sheep uses 10-14% of total oxygen consumption. 
Calculations from the model of Baldwin and Smith (1979) reveal that if 
amino acids are not considered as an energy source, then 20% of heat 
production from oxidation of metabolites postprandially occurs in the 
mammary gland of a lactating cow producing 30 kg milk. 
Splanchnic tissues are metabolically very active tissues. In a 
study by Reynolds et al. (1986), lactating cows producing 27 kg milk per 
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day consumed dally 18 kg dry matter with 49 Meal HE. Energy expended as 
heat was 32 Mcal/d and total oxygen consumption was 6600 1/d. Portal-
drained viscera and liver accounted for 20 and 25% of oxygen consumption, 
respectively. Webster (1980) measured heat production in sheep fed at 
maintenance and found that the gut contributed 20%; when fed at twice 
maintenance, this contribution increased to 23%. Liver accounted for 18% 
of oxygen consumption in another study with fed sheep (Thompson and Bell, 
1976). Webster (1981) has summarized literature to show that ruminant 
splanchnic tissues account for about 50% of total heat production. 
In summary, for a cow in early lactation, the contribution of 
skeletal muscle, mammary gland, gastrointestinal tract, and liver to body 
heat production is approximately 15%, 15%, 20%, and 25%, respectively. 
Considerable animal variation in maintenance energy requirement is 
thought to exist and could be used to increase the gross efficiency of 
production (Baldwin et al., 1985). By optimizing nutrient balance for a 
lactating cow, we may be able to decrease the work load of liver and thus 
decrease liver hypertrophy during lactation and decrease maintenance 
requirement. If maintenance requirement was decreased from 130 to 90 
kcal/kg'75 and feed intake remained constant at three times maintenance 
requirement, then there would be a 15% increase in nutrients available to 
mammary gland for Increased milk synthesis (Baldwin et al., 1985). 
Overview of support metabolism A lactating cow producing 30 kg 
milk requires about 60 Meal digestible energy (DE) per day. If the diet 
fed is 40% hay with a corn-based concentrate, then, from estimates of 
Sutton (1985), the digestion products are 12.6 Meal acetate, 7.8 Meal 
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propionate, 6.0 Meal butyrate, 2.4 Meal higher VFA, and 14 Meal heat plus 
methane in the rumen; 12.6 Meal AA, 6 Meal LCFA, 4 Meal glucose, and 2 
Meal VFA in the small intestine; and 5 Meal VFA in the large intestine. 
Thus, VFA account for 55% of DE and probably 64% of absorbed energy. 
Nutrients, however, are metabolized by intestinal tract mucosa and 
liver and also are produced from endogenous sources of ruminai VFA 
production, about 15% of propionate is probably converted to lactate and 
over half of butyrate is absorbed as ketone bodies (fiaird et al., 1975). 
The direct contribution of major metabolites to respiratory CO2 in fed 
sheep is: acetate, 32%; propionate, 19%; glucose, 9% (half from 
propionate); butyrate, 9%; NEFA, 2%; ketones, 10% (80% from butyrate); 
and other, 19% (e.g., amino acids, TGFA,). During early lactation, the 
contribution from glucose likely is decreased, and the contribution from 
NEFA and ketones increased. 
The previous discussion has demonstrated that whole-body metabolism 
in a lactating cow is focused on the production of milk. In adipose 
tissue, fatty acid synthesis is decreased and lipolysis is increased, so 
that increased lipid is available to mammary gland for triglyceride 
synthesis and to other tissues for energy needs. In muscle, the rate of 
protein synthesis decreases below the rate of degradation because of the 
rapid use of plasma amino acids by mammary gland and liver, so that there 
is net mobilization of protein from muscle. And in liver, nutrients 
likely are spared from complete oxidation and used for increased 
gluconeogenesis, ketogenesis, acetogenesis, and export of lipoprotein 
lipid; availability of oxaloacetic acid may be important in the 
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partitioning between these pathways (Bell, 1981). Nonmanunary peripheral 
tissues use less glucose and more lipid and ketones as an energy source, 
and mammary gland rapidly draws nutrients from blood. These changes in 
metabolism closely are regulated by the animal's endocrine system. 
Hormonal control of lactation 
Insulin, glucocorticoids, and prolactin are required for mammary 
development in most mammals, including ruminants. These three hormones 
also are required for the maintenance of lactation in most mammals ; 
maintenance of lactation in ruminants, however, does not seem to require 
prolactin or insulin, but instead requires growth hormone (Vernon and 
Flint, 1983). 
Although changes in the blood hormonal profile occur through the 
lactation cycle, these changes are relatively small compared with the 
differences observed between high- and low-producing cows. (Hart et al., 
1978). Possibly, the relative ratios of blood hormones (namely, growth 
hormone to insulin) are more important than the individual concentrations 
themselves. Changes in sensitivity, however, likely are also Involved. 
Insulin Insulin concentration is reported to reach a minimum 
during early lactation (Koprowski and Tucker, 1973), but this decrease 
may not always be very large (de Boer et al., 1985). Insulin is also 
lower in high-producing cows and is thought to reflect energy balance 
(Vernon, 1981). 
Propionate and butyrate, but not acetate, stimulate acute release of 
insulin in cattle. Normally after feeding, therefore, insulin 
concentrations are high, and storage of nutrients as triglyceride and 
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protein is favored. Insulin secretion, however, seems less responsive to 
Insullnotroplc agents during lactation (Lomax et al., 1979). In a high-
producing cow, no large Increase In Insulin concentration occurs after 
feeding normal diets, so the flow of energy and amino acids to mammary 
gland Is favored over other peripheral tissues because mammary gland does 
not seem to require Insulin for nutrient utilization (Trenkle, 1981). 
Insulin concentration, however, is Increased after feeding high-grain 
diets with a subsequent decrease in mammary competitiveness (Bell, 1981). 
Insulin concentration is decreased In energy-restricted, ketonemlc cows 
(de Boer et al., 1985) and decreases after the post-feeding period 
(Bassett, 1974). 
Studies with rats and with ruminants suggest that adipose tissue is 
somewhat resistant to Insulin during early lactation (Flint et al., 1979; 
Vernon, 1981). Whereas placental lactogen may be the antagonist in rats, 
it does not seem to be the insulin-antagonist in ruminants, and growth 
hormone is likely the inhibitor (Tyson and Felig, 1971). 
As mentioned, insulin does not seem needed for glucose uptake and 
lactose synthesis in bovine mammary gland (Hove, 1978). Insulin 
receptors have been identified in bovine mammary tissue and are 
relatively abundant. During lactation, however, they are less abundant 
and seemed to have no effect on lactose synthesis (Baumrucker, 1986a,b). 
If Insulin is not needed by mammary gland, then it would be beneficial to 
the cow to minimize insulin concentration during lactation. Insulin 
inhibits the gluconeogenic activity of glucagon and catecholamines at the 
liver (Hart, 1983), and, in fed sheep, liver removes 40% of insulin 
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turnover (Heltmann et al., 1986). Insulin Is a storage hormone for 
peripheral tissues and thus decreases the supply of NEFA, glycerol, and 
amino acids for liver processing and mammary uptake (Hart, 1983). 
Insulin, therefore, decreases milk fat yield and partitions nutrients 
toward body stores (Kronfeld et al., 1963). 
Growth hormone In contrast to insulin, growth hormone partitions 
nutrients from deposition in adipose tissue toward milk synthesis and 
preserves body protein relative to adipose tissue during energy deficit 
(Hart, 1983). In other words, it favors mammary gland at the expense of 
adipose tissue. Another viewpoint is that growth hormone coordinates 
adipose tissue and mammary gland to act synerglstically rather than 
antagonistically; thus, adipose tissue uses acetate during lactation to 
synthesize fatty acids that then are exported for use by mammary gland 
(Kronfeld, 1982). This effectively increases the lipogenlc capacity of 
the lactatlng mammary gland. 
In ruminants, growth hormone seems to take the place of prolactin, 
and its concentration in blood is elevated during early lactation (Hart 
et al., 1978; Koprowski and Tucker, 1973), although only slightly in some 
studies (de Boer et al., 1985). Growth hormone concentration is greater 
in high-producing cows than in low-producers at peak lactation, and 
changes in its concentration positively are correlated with changes in 
milk yield (Hart, 1983; Hart et al., 1980). Its concentration is also 
greater in underfed lactatlng cows than in those fed adequately (Hove and 
Blom, 1973) and is elevated in energy-restricted ketonemlc cows (de Boer 
et al., 1985). Growth hormone concentration seems to reflect both energy 
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balance and stage of pregnancy and lactation (Vernon, 1981). 
Growth hormone's Importance In lactation Is demonstrated by numerous 
studies showing that exogenous growth hormone dramatically Increases milk 
yield In lactatlng cows (Tyrrell et al., 1982; Bauman et al., 1985). 
Acutely, growth hormone Increases milk yield through mobilization of body 
tissues (Hart, 1983); however, in longer studies, appetite is eventually 
increased so that nutrient Intake matches the increased demands of the 
mammary gland (Bauman et al., 1985). 
Exogenous growth hormone, therefore, increases the fraction of 
absorbed nutrients put into milk and decreases the fraction used by 
nonmammary tissues for maintenance and deposition. This results in 
increased gross efficiency of milk production (milk energy / feed energy) 
up to 20% (Bauman et al., 1985), with no change in the partial efficiency 
of milk synthesis (milk energy / ME intake above maintenance) (Tyrrell et 
al., 1982; Kronfeld, 1982). There is, however, an increase in mammary 
efficiency (milk energy / ME uptake by mammary gland) caused by the 
increased availability of preformed fatty acids for milk fat synthesis 
(Kronfeld, 1982). 
The mechanism of growth hormone's action seems to be chiefly an 
increase in nutrient supply to the mammary gland through stimulation of 
llpolysis and Indirectly appetite (Hart, 1983). Support for this "push" 
hypothesis comes from a study by Bines et al. (1980) in which exogenous 
growth hormone resulted in the same percentage response in both low- and 
high-producing dairy cows. In the low-producers, blood glucose 
concentration also was Increased, indicating that the mammary gland of 
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these cows lacked the ability to use all of the increased nutrient 
supply. 
Other studies, however, support a galactopoietic effect of growth 
hormone ("pull" hypothesis). In goats, growth hormone increased mammary 
acetyl-CoA synthetase actively (Marinez et al., 1976). When growth 
hormone was infused into only one side of the mammary gland, however, no 
direct galactopoietic effect was observed (Hart, 1983). Additionally, 
although bovine growth hormone specifically binds to liver, binding was 
not observed in mammary tissue (Tucker and Merkel, 1987). These studies 
suggest that if growth hormone is galactopoietic, liver-secreted factor 
may be its mediator. Currently, the mediator of growth hormone's action 
on mammary gland is thought to be insulin-like growth factor-I (IGF-I). 
Baumrucker (1986a,b) has reported the presence of IGF-I receptors in 
bovine mammary tissue and that addition of IGF-I to mammary slices in 
vitro stimulated lactose synthesis. Another possibility, however, is a 
recently discovered liver factor that seems to mediate prolactin's 
lactogenic action in mice (Hoeffler and Frawley, 1987). 
In summary, growth hormone seems very important in lactating 
ruminants, and its action probably involves both a "push" of milk 
synthesis through increased supply and a "pull" of nutrients to the 
mammary gland through endocrine stimulation of milk synthesis. Whether 
the stimulation of appetite is caused by growth hormone, by a mediator of 
growth hormone, or indirectly by effects on energy balance is not known. 
Glucagon Little is known about glucagon's role in ruminant 
lactation. Liver seems to be the primary target organ for glucagon, and, 
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in fed sheep, liver accounts for 30% of glucagon removal in the body 
(Heitmann et al., 1986). At the liver, glucagon stimulates 
gluconeogenesis (Hart, 1983) and probably ketogenesis (McGarry and 
Foster, 1980) directly and also indirectly through enhanced substrate 
supply. In ruminants, however, the lipolytic response to glucagon is 
much less than it is in nonruminants (Bauman and Davis, 1975). Hart 
(1983) reports that glucagon concentration is slightly less in high-
producing cows during peak lactation than in low producers, and that its 
concentration increases as lactation progresses to the later stages. De 
Boer et al. (1985), however, observed a slightly greater glucagon 
concentration during early lactation than during the dry period. Whereas 
these two studies seem irreconcilable, the period after feeding may be 
important and, also, the relative concentrations of glucagon and insulin 
may be more important than absolute amounts. 
Glucocorticoids The glucocorticoids exert a permissive effect on 
the action of gluconeogenic hormones in the liver and the lipolytic 
action of hormones at adipose tissue (Hart, 1983). Although they likely 
do not directly stimulate the enzymes of gluconeogenesis, exogenous 
glucocorticoids enhance gluconeogenesis from amino acids in the liver 
(Reilly and Ford, 1974). In adrenalectomized sheep, this effect on 
gluconeogenesis was observed within 3 h after infusion of Cortisol at a 
dose which gave a ten-fold rise in Cortisol concentration (Reilly and 
Black, 1973). Cortisol also increases amino acid mobilization (Hart, 
1983), and this effect also seems to occur after only hours of infusion 
(Reilly and Black, 1973). 
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The glucocorticoids also seem to play a role in fat distribution. 
Hyperactive adrenal glands in human patients often cause muscle-wasting 
and sometimes produce uneven fat distribution, with depletions of fat in 
extremities and excessive fat in the neck and back area ("humpback"). 
Whether Cortisol also affects fat distribution in ruminants is uncertain. 
Glucocorticoids bind and are taken up by mammary tissue, suggesting that 
they are associated with lactational events (Tucker, 1979). When 
exogenous glucocorticoids are given to lactating cows, however, the 
effects have not been consistent. Whereas Braun et al. (1970) observed a 
decrease in milk yield, Swanson and Lind (1976) reported increased milk 
yield and milk fat yield. In two studies using injections of ÂCTH, milk 
yield was decreased and milk fat content was Increased, with little 
change in milk fat yield (Flux et al., 1954; Vamer and Johnson, 1983). 
In the study of Vamer and Johnson (1983), blood glucose concentration 
was increased two-fold, and this increase was thought to be at least 
partly caused by inhibition of glucose uptake by peripheral tissues, 
including mammary gland. In summairy, whereas glucocorticoids may promote 
milk fat synthesis, their effects on lactose production through effects 
on glucose metabolism may counteract any net increase in milk fat 
production. 
Other hormones Several other hormones likely are involved to 
some extent in ruminant lactation. The catecholamines promote 
gluconeogenesls in liver and llpolysis in adipose tissue (Hart, 1983). 
Prolactin is required to initiate differentiation of mammary tissue and 
synthesis of milk at parturition but not after lactation has been 
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established (Tucker and Merkel, 1987). The thyroid hormones are 
permissive for many aspects of metabolism and Increase basal metabolic 
rate. When given exogenously, they Increase milk yield in-short term 
studies but decrease milk yield in long-term studies. The sex steroids 
are Important for mammary gland development, and, during lactation, they 
may be involved with growth hormone and glucocorticoid secretion (Tucker 
and Merkel, 1987). 
Effects of dietary SUPPIV on lactation 
Several dietary-related methods have been used to try to increase 
milk production. Of these, only those factors which alter milk fat 
production will be discussed. 
Dietary fat Although feeding dietary fat does not generally 
alter milk fat production in cows fed normal diets (Palmquist, 1976), it 
can change milk fat composition and, if unsaturated fats are used, even 
depress milk fat production. Addition of 10% oleate in the diet alters 
rumen function, thereby decreasing acetate production, fatty acid 
synthesis, and milk fat yield (Steele and Moore, 1968). Addition of 10% 
tallow (mainly stearate and oleate), however, resulted in no change in 
rumen VFA production or,milk fat yield but increased the percentage of 
018:0 and 018:1 and decreased the percentage of 06 to 016 fatty acids in 
milk fat (Storry et al., 1973). Using rumen-protected fats in lactating 
cow diets can Increase the fraction of 018:2 up to 35% (Banks et al., 
1983). The reason for a decreased percentage of 06 to 016 fatty acids is 
likely that high concentrations of LOFA-OoA from plasma fats depress de 
novo fatty acid synthesis. 
53 
Hlph-eraln diet High-grain, low-forage diets can depress milk 
fat yield by as much as 60% (Christie, 1981). Bell (1981) summarizes 
changes that occur during milk fat depression from high-grain diets. One 
theory for this effect is the "glucogenic theory." This theory holds 
that high concentrations of dietary starch enhance propionate production 
(Annison et al. 1974), which in turn increases glucose production and 
insulin secretion (Walker and Elliot, 1973). Elevated insulin 
concentration then increases adipose tissue lipoprotein lipase activity 
and lipogenesis (Benson et al., 1972), depresses adipose lipolysls (Yang 
and Baldwin, 1973), and thereby decreases hepatic fatty acid 
availability, hepatic VLDL release, and plasma lipid uptake by mammary 
gland. 
The effects of high-grain diets on ruminai acetate production are 
not definitive. Annison et al. (1974) observed no change in ruminai 
acetate concentration and attributed decreased plasma concentration to 
depressed endogenous production by body tissues. Sutton (1985) also 
reported decreased acetate and BHB concentrations in blood, but he 
measured a decrease in net nominal acetate production. Davis and Brown 
(1970) measured a decrease in acetate to propionate concentration ratio 
but no change in rumen acetate production. He then summarized literature 
to show that supplementation of high-grain diets with acetate has yielded 
variable results. 
Although the exact mechanism of milk fat depression is not 
understood, the net effect of high-grain diets is to increase nutrient 
use by nonmammary tissues and decrease use by mammary gland (Moe and 
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Tyrrell, 1986). 
Feeding frequency Increased feeding frequency reduces the milk 
fat depression associated with high-grain diets and also has been shown 
to decrease plasma concentrations of insulin, glucagon, and free fatty 
acids (Sutton et al., 1986). In a study by Hart (1983), feeding a 90% 
grain diet six instead of two times per day halved blood insulin 
concentration and almost doubled milk fat content. The reason for these 
effects is likely that blood insulin is elevated for several hours after 
feeding and that increased grain in the diet and increased meal size both 
promote this increase in insulin (Hart, 1983). Therefore, by increasing 
feeding frequency, meal size is decreased, insulin is decreased, and milk 
fat depression is less severe. No effect of feeding frequency on 
prolactin, growth hormone, or thyroxine concentrations were observed. 
Ruminai volatile fattv acids Effects of VFA infusions into the 
rumen are variable. Lough et al. (1983) observed that ruminai acetate 
infusion increased milk fat content and yield relative to propionate 
infusion; however, Armstrong and Blaxter (1965) have shown that 
propionate infusions depress milk synthesis and increase body fat (as we 
would expect based on the discussion of high-grain diets). In studies by 
Rook and Storry, infusing about 1000 g of acetate per day into the rumen 
resulted in a 20% (100 g) increase and a 15% (70 g) increase in milk fat 
yield (Rook and Balch, 1961; Rook et al., 1965). They also measured an 
11% (60 g) increase when 1500 g were infused daily (Storry and Rook, 
1965). Orskov et al. (1969) fed lactating cows a fat-depressing diet and 
then supplemented it with acetic acid at 15% of ME intake; this reduced 
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(but not completely) the observed milk fat depression and also increased 
concentrations of C12, C14, and C16 fatty acids in milk. 
Ruminai butyrate infusions of about 900 g per day increased milk fat 
yield 10% (65 g) in cows studied by Rook and Balch (1961) and Rook et al. 
(1965). And in another study, 750 g per day increased milk fat yield 5% 
(40 g); the fraction of milk fat that was C4 to C14, C16, and C18 fatty 
acids was increased 24%, increased 13%, and decreased 25%, respectively 
(Storry and Rook, 1965). 
In related studies, ruminai infusion of 500 g isovaleric acid 
increased milk fat yield 6% (35 g) (Rook et al., 1965), and supplementing 
fat-depressing diets with 5% butanediol either increased milk fat yield 
by 150 g (Hess and Young, 1972) or had no significant effect (Bonner et 
al., 1976). 
Effects of 2-Ketoisocaproate on Metabolism 
Metabolism of leucine and 2-ketoisocaproate 
Leucine, like the other branched-chain amino acids (BCAÀ), is 
metabolized differently than most indispensable amino acids (Harper et 
al., 1984). Whereas most amino acids are catabolized almost completely 
by liver, leucine is oxidized extensively by peripheral tissues, and 
studies in rats indicate that liver has less capacity than peripheral 
tissues to degrade BCÂÂ. The initial catabolic step for BCAA is 
catalyzed by a unique transaminase, BCAA aminotransferase, which is 
widely distributed among tissues and results in production of 2-
ketoisocaproate (KIG). 
In sheep, 40% of absorbed leucine is removed by liver, where some is 
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oxidized but most is used for synthesis of export proteins; the other 60% 
is taken up by peripheral tissues and either used for protein synthesis 
or transaminated to KIC (Bergman, 1986). Peripherally produced KIC 
undergoes further oxidation or is released to blood, eventually removed 
by liver, and then either converted back to leucine or oxidized (Bergman, 
1986). The metabolic fate of orally administered KIC in ruminants is not 
known; in dogs, however, 70% of an orally administered KIC load is 
metabolized by gastrointestinal mucosa and liver, with liver catabolism 
of KIC resulting in ketone bodies (70%) and leucine (30%) (Abumrad et 
al., 1982b). Although metabolism of KIC in ruminants is thought to 
differ from that of nonruminants, greater than half of blood KIC is 
removed by splanchnic tissues (Pell et al., 1986); therefore, in 
ruminants, most orally administered KIC likely is metabolized also in 
splanchnic tissues. 
Classically, leucine catabolism is as follows (Rodwell, 1979); 
leucine is transaminated to KIC either in cytosol or mitochondria; in 
mitochondria, KIC is oxidatively decarboxylated to isovaleryl-CoA, which 
is catabolized eventually to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) and 
then acetoacetic acid and acetyl-CoA. Mitochondrial HMG-CoA is not 
transported into cytosol, and therefore cholesterol biosynthesis from 
leucine carbon in adipose tissue (Rosenthal et al., 1974) must be through 
resynthesis of HMG-CoA from the ketone body endproducts of mitochondrial 
leucine catabolism. 
An alternative pathway of leucine catabolism that has been 
discovered recently in rat and human liver is oxidation of cytosolic KIC 
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to 3-hydroxyIsovalerate (Sabourln and Bleber, 1983). Because 3-
Hydroxylsovalerate is structurally similar to HMG-CoA, it may be an 
inhibitor of HHG'CoA reductase, the rate-limiting step of cholesterol 
synthesis. Changes in cholesterol synthesis in specific organs could 
potentially alter steroid synthesis and may explain some of the unique 
metabolic effects of leucine and KIC. 
Effects of 2-ketoisocaproate on metabolism 
Leucine and KIC have effects on metabolism that are unique among the 
amino and keto acids. Leucine and KIC both inhibit proteolysis and 
stimulate protein synthesis in vitro (Tischler et al., 1982; Kirsch et 
al., 1976; Buse and Reid, 1975; Chua et al., 1979) and reduce nitrogen 
excretion in vivo during times of extreme protein catabolism (Ell et al., 
1978; Mitch et al., 1981; Sapir et al., 1983; Sax et al., 1986). 
Isovaleryl-CoÂ is a further catabollte of leucine and there is evidence 
that Isovalerate also decreases proteolysis in vitro (Chua et al., 1979), 
suggesting that a further step in leucine catabolism may be responsible 
for the effects of leucine and KIC. 
Protein turnover likely accounts for a minimum of 15-25% of 
maintenance energy requirement (Young et al., 1983; Lobley et al., 1980). 
Thus, if nutrient absorption is constant, decreased protein turnover 
should increase the energy available for lipogenesis and (or) increase 
net protein synthesis. Additionally, mechanisms controlling protein 
metabolism and those controlling lipid and carbohydrate metabolism are 
not distinct. Therefore, effects of compounds within the leucine 
metabolic pathway on protein metabolism indicate that they also may alter 
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energy metabolism. Previous observations are that: 1) leucine Increases 
Insulin concentration and decreases glucose uptake and oxidation by human 
forearm (Abumrad et al., 1982a); 2) KIC decreases pyruvate oxidation In 
muscle from fasted rats (Chang and Goldberg, 1978) , decreases 
gluconeogenesls In perfused kidney (Stumpf et al., 1978), decreases 
glucagon secretion, and Increases Insulin secretion in perfused pancreas 
(Leclercq-Meyer et al., 1979; Holze and Panten, 1979); 3) Isovalerate 
does not stimulate Insulin secretion from perfused pancreas (Vague et 
al., 1975); and 4) leucine must be metabolized, presumably to KIC, to 
elicit Increased Insulin secretion from perfused pancreas and decreased 
pyruvate oxidation from rat muscle (Vague et al., 1975; Chang and 
Goldberg, 1978). Additionally, patients with postsurgical trauma 
exhibited elevated plasma ketone body concentration in response to KIC 
Infusion (Saplr et al., 1983). 
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EXPLANATION OF DISSERTATION FORMAT 
This dissertation has been prepared according to the alternate 
dissertation format as described In the Iowa State University Graduate 
College Thesis Manual, Use of this format Involves the presentation of 
two or more sections, each of which Is In a form suitable for 
publication In a scientific Journal. Two Independent papers have been 
prepared from research performed In partial fulfillment of requirements 
for the Ph.D. degree. A general summary and conclusions follow these 
papers. 
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ABSTRACT 
To examine whether 2-ketolsocaproate supplementation affects milk 
production, 10 goats were fed either 0 or 1.1% calcium-2-ketolsocaproate 
for 2 wk and 12 cows were fed either 0 or .75% sodium-2-ketolsocaproate 
for 3 wk. Supplementation with 2-ketolsocaproate significantly Increased 
milk fat content, milk fat yield, and 4% fat-corrected milk yield in cows 
by an average of 5, 10, and 8%, respectively, for the treatment period. 
In cows, response of milk fat yield to 2-ketolsocaproate was 14% during 
wk 1 of treatment but diminished to 7% by wk 3. Milk yield and milk 
protein yield tended to be greater in cows fed 2-ketolsocaproate, but 
milk production efficiency and body weight were unaltered in either 
species. Supplementation with 2-ketolsocaproate had no significant 
effect on fatty acid composition of milk but tended to increase the 
percentage of C^ q and 0^ 2 fatty acids. In goats, supplementation with 2-
ketoisocaproate had no significant effects on milk production or 
composition, but trends toward increased milk fat and protein content 
were observed. Results indicate that 2-ketolsocaproate acutely 
stimulates milk fat production in lactating cows, and that this effect 
seems to diminish with time. 
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INTRODUCTION 
2-Ketolsocaproate (KIC) Is the first metabolite In the degradatlve 
pathway of leucine and, like leucine, has been reported to reduce muscle 
proteolysis (Tischler et al., 1982) and stimulate protein synthesis 
(Kirsch et al., 1976). Clinical studies have demonstrated that KIC 
reduces nitrogen excretion by humans during renal failure (Ell at al,, 
1978), fasting (Mitch et al., 1981), and postsurgical trauma (Sapir et 
al., 1983). Patients with postsurgical trauma also exhibited elevated 
plasma ketone body concentrations in response to KIC infusion (Sapir et 
al., 1983). In addition, KIC stimulated insulin secretion and inhibited 
glucagon secretion from perfused rat pancreas (Leclercq-Meyer et al., 
1979). 
If dietary KIC also affects hormone secretion or the metabolism of 
protein, fat, or glucose in lactatlng animals, then KIC also might alter 
the production of milk protein, fat, or lactose. To date, however, there 
are no reports on the effects of dietary KIC during lactation. 
Therefore, studies were conducted to determine if dietary KIC alters milk 
yield, milk composition, or milk production efficiency of goats and cows. 
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MATERIALS AND METHODS 
Experimental Design 
Animals 
For trial 1, ten lactatlng, nonpregnant Saanen goats (about 130 d 
postpartum) were assigned randomly to either a control or treatment 
group. Goats were milked twice dally (0700 and 1700 h). In trial 2, 
eight Holsteln and four Brown Swiss cows were assigned to either a 
control or treatment group In a randomized block design, according to 
parity number and breed. Four Holsteln cows and two Brown Swiss cows 
were prlmlparous; all others were multlparous. All cows were 151 to 300 
d postpartum and estimated to be 66 to 148 d pregnant. Cows were milked 
twice dally (0230 and 1400 h). 
Basal diets 
Goats and cows were fed their respective diets ad libitum twice 
daily (0730 and 1730 h). Feed refusals were collected before the morning 
feeding. Composition of diets with calculated values for net energy of 
lactation (NE), crude protein, and calcium concentration is shown in 
Table 6. In both trials, animals consumed protein and calcium in excess 
of their requirements. Leucine, as a percentage of total amino acids in 
the ration, was calculated to be 7.4% in trial 1 and 8.1% in trial 2. 
Protocol and treatments 
Goats in trial 1 were adjusted gradually to the basal ration and 
then fed the basal ration for 2 wk prior to a 2 wk treatment period. 
During this treatment period, control goats were fed the basal ration, 
whereas KIC-treated goats were fed the basal ration supplemented with 
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1.1% calcium-(KIC)2 (DM basis; Table 6). 
In trial 2 ,  cows were adjusted gradually to the basal ration and 
then fed the basal ration for 2 wk before treatments began. Dietary 
treatments were imposed for the next 3 wk as a treatment supplement added 
to each cow's ration at both the morning and evening feedings. KIC-
treated cows received sodium-KIC equivalent to .75% of the diet dry 
matter. To partly protect KIC from degradation by rumen bacteria, KIC in 
trial 2 was fed as extruded pellets of a mixture of sodium-KIC, corn 
gluten meal, hydrogenated soy oil, and paraffin in a weight ratio of 
20:10:9:1 (Smith and Boling, 1984). Additionally, .5 mg d-alpha-
tocopherol (Sigma Chemical Company, St. Louis, HO) was added per gram of 
soy oil. Pellets were stored at -20*G to minimize oxidation of KIC in 
the fat mixture. Control pellets contained no KIC and were fed 
equivalent to .375% of the diet dry matter. To ensure consumption of the 
treatment supplements, 2% of the concentrate in the total ration was 
combined with the treatment supplement for each cow for each day, and 
this mixture was added to the respective cow's ration during feeding. 
Measurements 
Milk yield, feed consumption, and body weight were measured daily 
for each goat in trial 1. Milk samples collected from four milkings at 
the end of each week were analyzed for fat and protein concentrations; 
milk fat, milk protein, and 4% fat-corrected milk yields were calculated. 
Blood samples were taken twice per week into heparinized tubes, and 
plasma was collected and stored at -20°C. 
In trial 2, daily milk yield and feed consumption were measured for 
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Table 6. Composition of control and 2-ketoisocaproate (KIG)-supplemented 
diets fed to lactating goats and cows 
Goats Cows 
Ingredient Control KIC Control KIC 
- - - - - % of diet dry matter - - - - -
Alfalfa hay, 17% CP 35.8 35.4 41.3 41.0 
Corn silage - - 18.0 
Ground com 15.1 15.0 11.7 11.6 
Ground oats 18.8 18.6 17.2 17.1 
Whole cottonseed 5.1 5.0 - - — m 
Soybean meal, solvent-extracted 15.6 15.4 - - — m 
Soybean meal, expeller-extracted* 7.5 7.4 
Molasses, sugarcane 7.2 7.1 2.1 2.1 
Dicalcium phosphate .49 .48 1.0 1.0 
Limestone .73 .72 — m — — 
Buffers^  .59 .58 — — - -
Trace mineralized salt .49 .48 .45 .45 
Trace minerals^  .06 .06 — m — — 
Vitamins^  .06 ,06 .05 .05 
Extruded KIC pellets® - - - - - - 1.46 
Extruded control pellets^  - - - - .71 - -
Calcium-(KIC)2^  - - 1.09 
NE^ , Mcal/kgh 1.65 1.66 1.56 1.57 
Crude protein, % of DM** 20.7 20.5 16.2 16.0 
Leucine, % of DM^  1.54 1.52 1.31 1.30 
KIC, % of DM .85 .64 
Calcium, % of DM^  1.02 1.15 .91 .90 
®Soy-Plus, West Central Cooperative, Ralston, lA. 
8^3% sodium bicarbonate, 17% magnesium oxide. 
T^race Minerals Fremix 60, Land 0'Lakes, Inc., Fort Dodge, lA. 
A^DEK, Protein Blenders, Inc., Iowa City, lA. 
®KIC pellets contained 23.3% corn gluten meal (Clinton Corn 
Products, Clinton, lA), 25.3% hydrogenated soy oil (Hunt-Wesson Foods, 
Inc., Fullerton, CA), and 51.4% sodium-KIC (SOBAC, Paris, France) on a DM 
basis. 
C^ontrol pellets contained 47.9% corn gluten meal and 52.1% 
hydrogenated soy oil on a DM basis. 
SSOBAC, Paris, France. 
N^et energy of lactation calculated from National Research Council 
values (National Research Council, 1978; 1981; 1982). 
85 
each cow for 2 wk before treatments began and for 2 wk after treatments 
ended. Milk samples were collected from both mllklngs on d 2, 3, 5, and 
6 of each week; samples from d 2 and 3 and from d 5 and 6 were pooled for 
each cow. These samples were analyzed for protein and fat contents, and 
milk protein, milk fat, and 4% fat-corrected milk yields were calculated 
for 2 times per wk. Milk samples that had been pooled weekly were 
analyzed for KIC concentration of individual fatty acids and fatty acid 
composition, and yields were calculated. Body weights were measured 
three times per week. Blood was collected into heparinized tubes at 0900 
h on d 3 and 6 of each week, and sodium fluoride was added immediately. 
Samples were put on ice and, after centrifugation, plasma was collected 
and stored at -20*C. 
In both trials, gross energetic efficiency of milk production was 
calculated by dividing the estimated gross energy of milk output by the 
estimated NE intake. To estimate NE intake, both sodium and calcium 
salts of KIC were assigned a NE value of 2.3 Mcal/kg dry salt. This 
value was calculated by assuming 35 moles ATP produced per mole of KIC 
and comparing this conversion with those for fat and carbohydrate. 
Methods of Analysis 
Milk samples of trial 1 were analyzed by an infrared milk analyzer 
(Foss Milkoscan 104) by Mid-America Dairymen, Inc., Newton, lA. Milk 
samples from trial 2 also were analyzed by infrared spectroscopy with a 
Foss Milkoscan 203 at the Swiss Valley Farms Laboratory, Waterloo, lA. 
Milk and plasma KIC were quantified by adding 20 nmol 2-ketocaproate (KC) 
as an internal standard to .5 g lyophilized milk or 1 ml plasma and 
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extracting with methylene chloride (Nlssen et al., 1982). The extract 
then was dried under nitrogen gas and derlvatized with 100 ul N-methyl-N-
(t-butyl-dlmethylsilyl)tri-fluoroacetamide containing 1% t-butyl-
dimethylchlorosilane (Regis Chemical Company, Morton Grove, IL). Both 
KIC and KC were monitored at 301 AMU by using a gas chromatography-mass 
spectrometry system (Hewlett-Packard 5970). KIC concentration of milk or 
plasma was calculated by comparing the KIC to KC ratio of samples with 
that of standards. Relative concentrations of C^ Q to Cj^ g fatty acids in 
milk were determined by gas chromatography (Varian 3700G) of fatty acid 
methyl esters (Arrendale et al., 1983). Plasma glucose was quantified by 
a glucose oxidase assay kit (Worthington Diagnostic Systems, Inc., 
Freehold, NJ). 3-Hydroxybutyrate content in deprotelnlzed plasma was 
measured by enzymatic assay (Williamson and Mellanby, 1974). Plasma was 
analyzed for concentration of Cortisol by radioimmunoassay kit (Travenol-
Genentech Diagnostics, Cambridge, MA) and for Insulin concentration by 
radioimmunoassay using bovine insulin antibody (Trenkle, 1970). Plasma 
glucagon concentration was determined by double-antibody radioimmunoassay 
using rabbit anti-porcine glucagon antiserum (BloTek Research, Inc., 
Lenexa, KS). The concentration of insulin-like growth factor I (IGF-I) 
In plasma was measured by T. Elsasser (USDA-ARS, Beltsville, MD) by 
radioimmunoassay using human IGF-I antibody (Underwood et al., 1982) 
after dissociation of IGF-I from its binding protein with acetic acid. 
Nitrogen content of feed was determined by Kjeldahl method (AGAC). 
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Statistical analysis 
Means for each cow were calculated for the 2-wk pretreatment period 
and 3-wk treatment period. Pretreatment means by cow were used as 
covarlables for adjustment of 3-wk treatment means in analysis of 
covarlance, and these covariate-adjusted means are reported as values for 
control and KIC-fed animals during the treatment period. Effect of KIC 
treatment was considered to be significant if the probability of a 
greater F value by chance was less than .05 (P<.05) in the analysis of 
covarlance. 
Additionally, for the cow study, period effects on milk fat yield 
were analyzed statistically by using the split plot design of Table 7; 
results are shown In Table 9. Contrasts for treatment by day interaction 
of 1) the average of 2-wk pretreatment and 2-wk posttreatment periods vs. 
3-wk treatment period, 2) wk 1 vs. the average of wk 2 and 3 of treatment 
period, and 3) the average of 2-wk pretreatment period vs. 2-wk 
posttreatment period were analyzed. Effects on milk fat content and 
yield of milk and fat-corrected milk also were analyzed by using this 
design (Appendix A). Differences were considered to be significant if 
P<.05 and to be trends if P<.25 and P>.05. 
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Table 7. Analysis of variance (ANOVA) model for treatment effect on milk 
fat yield by week (two observations per week) for the cow study 
conserv.* 
Variable df SS MS F Pr>F Pr>F 
Trtb 1 1281704 1281704 9.11 .019 
Block 3 6971726 6971726 16.5 .002 
Trt*Block (3) (216827) 
Cow(Trt*Block) (4) (768230) 
Error(A)° 7 985057 140722 
Day 13 157281 12099 3.77 .0001 .081 
Trt*Day 3 112679 8668 2.70 .0022 .13 
Day*Block (39) (153467) 
Trt*Day*Block (39) (101317) 
Day*Gow(Trt*Block) (52) (162962) 
Error(B)d 130 417745 3213 (Root MSB - 56.7) 
Total 167 9926192 
Contrasts bv oerlod 
Day 
Mean trt vs. pooled 
pre- + post-trt 1 45667 45667 14.2 .0002 .004 
Wk 1 vs. wk 2 + 3 1 46836 46836 14.6 .0002 .004 
Pre- vs. post-trt 1 6683 6683 2.08 .15 .18 
Trt*Day 
Mean trt vs. pooled 
pre- + post-trt 1 71084 71084 22.1 .0001 .0009 
Wk 1 vs. wk 2 + 3 1 14500 14500 4.51 .036 .060 
Pre- vs. post-trt 1 413 413 .13 .72 .75 
P^robability of a greater F calculated with conservative degrees of 
freedom (df) for period effects. Conservative df are calculated by 
dividing both terms of F test by df for day; thus, for trt*day effect, 
probability of a greater F is determined using 1 and 10 df, not 13 and 
130 df. 
T^reatment. 
°Error for nonrepeated effects - Trt*Block + Cow(Trt*Block). 
E^rror for period effects - Day*Block + Trt*Day*Block + 
Day*Cow(Trt*Block). 
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RESULTS 
Milk production and composition results from both trials are 
presented in Table 8. Goats fed control diets produced an average of 3.0 
kg milk per d with 3.2% fat and 2.7% protein. Milk, milk fat, and milk 
protein yields were not altered significantly by KIC supplementation. 
Whereas KIC increased milk fat content by 11% and milk protein content by 
5% in goats, these increases were only trends. 
Table 8. Covariate-adjusted yield and composition of milk from goats and 
cows fed control and 2-ketoisocaproate (KIC)-supplemented diets 
(average of treatment period) 
Goats Cows 
Variable Control KIC Pr>F Control KIC Pr>F 
Milk yield, kg/d 2.96 2.97 .9 21.4 22.5 .19 
Milk fat content, % 3.17 3.52 .10 4.00 4.19 .03 
Milk protein content, % 2.68 2.82 .13 3.51 3.49 .35 
Milk fat yield, g/d 96.3 105.6 .4 845 930 .017 
Milk protein yield, g/d 79.7 83.6 .4 731 767 .17 
4% FCM yield*, kg/d 2.63 2.77 .5 21.2 22.9 .04 
Lactose content^ , % 4.41 4.34 .4 4.81 4.82 .9 
®4% Fat-corrected milk yield, calculated as (.4 x milk yield + 15 x 
milk fat yield). 
b%Lactose of milk from cows determined by (%total solids - %fat -
%protein - .7% for minerals). 
In the cow trial, control cows produced about 21 kg milk per d with 
4.0% fat and 3.5% protein. When compared with controls, cows fed KIC 
produced more milk (5%), and this milk had a 5% greater fat content. The 
calculated milk fat and 4% fat-corrected milk yields were greater by 10% 
and 8%, respectively, in cows fed KIC. Protein content was not different 
between groups, but protein yield tended to be greater in cows fed KIC. 
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The milk fat yield response occurred by d 3 of treatment, which was 
the initial measurement of milk composition (Figure 2). During the 
entire first wk of treatment, cows fed KIC produced 14% more milk fat 
than did controls (Table 9). By wk 2 and 3, however, this response had 
diminished from wk 1 (P<.06) to only 7% above that of controls. 
Increased milk fat yield in cows fed KIC during wk 1 and the decrease 
during wk 2 and 3 resulted from changes in both milk yield and milk fat 
content. No difference in milk fat production between groups was evident 
during the 2 wk after treatments had ended (Table 7). 
Neither the energetic efficiency of milk production calculated as 
milk energy output / NE intake nor the efficiency of feed protein 
conversion to milk protein were significantly greater in goats and cows 
fed KIC than in controls (Table 10). The partial energetic efficiency of 
milk production [milk energy output /(NE intake minus maintenance NE 
requirement)] also was not significantly altered by treatment. Partial 
energetic efficiency was calculated to be 70% for control cows and 73% 
for those fed KIC. Body weight gain also was not altered by KIC 
supplementation. 
Fatty acid composition of milk was not significantly altered by 
feeding KIC; however, the percentage of C^ Q and C12 fatty acids tended to 
increase in cows fed KIC (Table 11). Milk KIC concentrations were not 
different between KIC-treated and control cows (3.43 M and 3,40 M, 
respectively). 
Plasma KIC concentration of goats fed KIC was not different from 
that of control goats (14.5 uM vs. 13.2 uM, respectively). Cows fed KIC 
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tended to have a greater concentration of 3-hydroxybutyrate in plasma, 
but glucose concentration was not different (Table 12). Plasma Cortisol 
concentration was not altered by dietary treatment. Glucagon and insulin 
concentrations in plasma tended to be less in cows fed KIC, and insulin 
to glucagon ratio also tended to be less in cows fed KIC. Plasma IGF-I 
concentration in cows fed KIC tended to be less than those of controls. 
Table 9. Covariate-adjusted yield of milk, fat, and fat-corrected milk 
by week in cows fed control and 2-ketoisocaproate (KIC)-
supplemented diets 
Week of studv^  Pr>F 
Variable -2 -1 1 2 3 4 5 Trtb Wk° 
Milk yield, kg/d (Av SEM® -
Control 21.9 21.1 
KIC 21.7 21.3 
.6) 
22.0 
23.2 
21.6 
22.5 
20.6 
21.1 
21.5 
20.2 
21.0 
21.1 .02 .5 
Milk fat content, % (Av SEM 
Control 3.97 3.98 
KIC 3.97 3.99 
- .08) 
3.94 
4.24 
4.03 
4.16 
4.05 
4.15 
4.14 
4.19 
4.16 
4.11 .014 .09 
Milk fat yield, g/d (Av SEM 
Control 855 832 
KIC 848 839 
- 23) 
862 
981 
861 
925 
814 
868 
876 
848 
853 
864 .001 .06 
4%-Fat corrected milk yield. 
Control 21.8 20.9 
KIC 21.2 21.1 
kg/d 
21.7 
24.0 
(Av SEM - .5) 
21.5 20.4 
22.9 21.5 
21.7 
20.8 
21.2 
21.4 .002 .14 
®Wk -2 and -1 are pretreatment period, wk 1, 2, and 3 are treatment 
period, and wk 4 and 5 are posttreatment period. 
P^robability of a greater F for the contrast "wk 1, 2, and 3 vs wk 
-2, -1, 4, and 5" of treatment x day interaction by using conservative df 
in the ANOVA model of Table 7. 
P^robability of a greater F for the contrast "wk 1 vs. wk 2 and 3" 
of treatment x day interaction by using conservative df. 
A^verage standard error of a mean calculated from the root mean 
square error of the ANOVA model of Table 7. 
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Figure 2. Covariate-adjusted milk fat yield of cows fed control and 2-
ketoisocaproate (KIC)-supplemented diets. Milk fat yield was 
calculated for two times per week. The average of four 
pretreatment values was used as the covariate so that 
pretreatment means (heavy dashed line) were equal; all symbols 
represent covariate-adjusted yield. Average standard error of 
a mean (SEM) was calculated to be 23 g/d by using the root 
mean square error from an ANOVA model including treatment, 
day, treatment x day, block, treatment x block, and cow-
within- treatment X block. 
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Table 10. Govarlate-adjusted feed Intake, efficiency of milk production, 
and body weight of goats and cows fed control and 2-
ketolsocaproate (KIC)-supplemented diets (average of treatment 
period) 
Goats Cows 
Pr>F Variable Control KIC : Pr>F Control KIC 
Dry matter intake, kg/d 2.52 2.62 .6 20.7 21.2 .3 
Milk energy output*, Mcal/d 1.83 1.94 .5 16.0 17.1 .06 
Net energy Intake, Mcal/d 4.16 4.33 .6 32.4 33.3 .3 
Gross energy efficiency®, % 43.9 44.8 .7 49.2 51.5 .6 
Milk protein output, g/d 79.7 83.6 .4 731 767 .17 
Crude protein intake, g/d 521 535 .7 3349 3401 .5 
Protein efficiency®, % 15.1 15.7 .7 21.8 22.3 .7 
Body weight, kg 62.5 61.9 .5 598 602 .3 
C^alculated as in Tyrrell and Reid (1965) by [milk yield x (.0921 x 
%fat + .0490 X %solids-not-fat - .0563)]. Sollds-not-fat content of 
goat milk calculated by (Slactose + %proteln + .7% for minerals). 
C^alculated as milk energy output x 100 / net energy Intake. 
C^alculated as milk protein output x 100 / crude protein intake. 
Table 11. Govarlate-adjusted composition of fatty acids in milk fat of 
cows fed control and 2-ketolsocaproate (KIC)-supplemented 
diets (average of treatment period) 
Fatty acid Control KIC change Pr>F 
m m m m weight % 8 
Cl0:0 2. 70 3.14 .44 .09 
Cl2:0 3. 94 4.24 .30 .08 
Cl4:0 12. 6 12.6 .01 .9 
Cl6:0 34. 0 33.8 -.24 .6 
Cl6:l 1. 83 1.87 .04 .8 
Cl8:0 13. 6 13.3 -.29 .5 
Cl8:l 26. 7 26.8 .04 .9 
Cl8:2 3. 73 3.59 -.13 .4 
Cl8:3 . 88 .71 -.16 .07 
Total Cio-14 19. 3 20.0 .75 .2 
Total Gig 35. 8 35.6 -.20 .7 
Total Gig 44. 9 44.4 -.55 .3 
® Weight percentage of fatty acids measured. 
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Table 12. Covarlate-adjusted concentration of metabolites and hormones 
In plasma of cows fed control and 2-ketolsocaproate (KIC)-
supplemented diets (average of treatment period) 
Variable Control KIC SEM Pr>F 
Glucose, mg/dl 61.6 62.0 1.0 .8 
3-hydroxybutyrate, mg/dl 5.06 5.67 .24 .14 
Insulin, ng/ml 1.34 1.15 .10 .23 
Glucagon, pg/ml 283 267 21 .21 
Insulin : glucagon 4.91 4.29 .32 .21 
Cortisol, ng/ml 3.7 4.3 .5 .5 
IGF-I, ng/ml 64 46 7 .13 
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DISCUSSION 
The major finding of this study is that KIG stimulated milk fat 
content and total milk fat yield in cows. This fat yield response was 
10% in both cows and goats, but statistically significant (P<.02) only in 
cows. The milk fat percentage response also was significant (F<.03) only 
in cows, but a trend toward increased milk fat content also was observed 
in goats fed KIC. 
The response of milk fat production to dietary change also has been 
demonstrated to be similar for goats and cows in other studies. For 
example, low dietary fiber rations decreased the fat content of milk in 
both species, although goats were less susceptible (Askew et al., 1971; 
Calderon et al., 1984). In the present study, changes in milk fat 
content seemed greater in goats than in cows. A difference in response 
might have been expected because goats were fed a diet containing less 
fiber than were cows. Additionally, goats were fed the calcium salt of 
KIC, whereas cows were fed the sodium salt. Both salts of KIC are 
completely soluble in rumen fluid (data not shown), but the sodium salt 
is more readily soluble. Lipid-coating of sodium-KIC for the cow study 
presumably blocked this rapid solubility, however, so that some KIC 
likely bypassed the rumen and reached the lower tract. 
The milk fat yield response of cows to KIC supplementation was acute 
and was greatest during the first wk of treatment (14% increase); by day 
20, yield had diminished to 7% over controls. Whether this diminished 
response to KIC was caused by adaptation of the rumen microflora 
population or of the animal's metabolism is unclear. Possibly, the trend 
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toward a decrease In IGF-1 concentration In plasma of cows fed KIC may 
have been Involved in this diminished response. 
The structural and metabolic similarity of KIC and isovaleric acid 
suggests that KIC, a branched-chain ketoacid, might elicit a production 
response similar to that of the branched-chain fatty acids. The milk fat 
response to dietary KIC, however, contrasts with the production response 
observed in recent work in dairy cows supplemented with mixtures of the 
branched-chain fatty acids (Papas et al., 1985); although branched-chain 
fatty acid salts (90 g/d) increased milk yield (13%), they did not 
increase milk fat content. In an earlier study (Rook et al., 1965), 
however, intraruminal administration of 500 ml isovaleric acid (about 460 
g) increased milk fat content (8%) and milk fat production (6%). Because 
the major effect of dietary KIC also seemed to be an increase in milk fat 
content and milk fat yield, the possibility exists that leucine-specific 
metabolites (i.e., KIC and isovaleric acid) may produce different 
metabolic effects than other branched-chain acids. This specificity also 
has been observed in studies in which leucine altered protein degradation 
and synthesis much more than either isoleucine or valine (Baldwin et al., 
1985; Tischler et al., 1982), and KIC decreased protein degradation to a 
much greater degree than did 2-ketoisovalerate (Chua et al., 1979). 
In this study, cows were fed about 130 g KIC per d, and the increase 
in milk fat production was 140 g/d during wk 1 and averaged about 85 g/d 
for the 3 wk trial. In previous experiments, dally Infusions of 1000-
1500 g acetic acid or approximately 900 g of butyric acid into the rumen 
of lactatlng dairy cows resulted in increased milk fat yields of 60-100 
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and approximately 65 g, respectively (Rook and Balch, 1961; Rook et al., 
1965). Additionally, 1,3-butanediol fed at 5% of the diet to cows with 
milk fat-depression increased milk fat yield 90-140 g/d (Hess and Young, 
1972). In consideration of these low conversion efficiences, it seems 
unlikely that KIC carbon could contribute all of the average 85 g/d 
increase in milk fat yield, unless conversion of KIC to fatty acids was 
much more efficient than that of short-chain fatty acids or ketone body 
precursors. 
No significant difference was observed in milk fatty acid 
composition of the dietary treatments. Whereas the CJ^ Q to C^  ^fatty 
acids primarily are synthesized de novo in the mammary gland, the C^ g 
fatty acids are derived largely from preformed plasma fatty acids 
(Palmquist et al., 1969). Therefore, no fatty acid composition 
difference indicates that increased milk fat synthesis in response to KIC 
supplementation was the result of both an increase in de novo fatty acid 
synthesis and an increase in transport of blood lipids into the mammary 
gland. The effect of KIC on de novo synthesis, however, seems more 
pronounced. Although the percentage of C]^ 4 in milk fat was not 
increased, the percentage of C^ o and Cj^ 2 tended to be increased in cows 
fed KIC. This increase in percentage of Cj^ g and C'^ 2 was observed during 
all three weeks of the treatment period, and similar changes were 
observed in the goat trial (data not shown). Increased percentage of CIO 
and C12 in milk fat may be related to the observation that cows fed KIC 
tended to have an increased (12%) concentration in plasma of 3-
hydroxybutyrate, which serves as the primer for about half of de novo 
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milk fatty acids (Palmqulst et al., 1969). De novo fatty acid chain 
length is thought to be a function of the ratio of primer-CoA to malonyl-
CoA at the site of synthesis (Smith and Dils, 1966), so an Increase In 
the proportion of shorter-chain fatty acids might be expected with 
Increased 3-hydroxybutyrate concentration. A rise in the concentration 
In plasma of ketone bodies, which are products of KIC catabollsm, has 
been observed previously in postoperative patients treated with KIC 
(Saplr et al., 1983). 
A mechanism involving direct action of KIC on peripheral tissues is 
unlikely because 1) elevated concentrations of KIC in peripheral blood 
plasma and milk were not detected in goats and cows fed KIC in our 
studies, 2) a significant amount of the KIC fed in these studies likely 
did not bypass the rumen and therefore the amount of KIC available to 
body tissues was less than the amount fed, and 3) 85% of an orally 
administered KIC load given to dogs is metabolized by gastrointestinal 
mucosa and liver to leucine and ketone bodies (Abumrad et al., 1982). 
Although metabolism of KIC by ruminants is thought to differ from that of 
nonrumlnants, greater than half of blood KIC is removed by splanchnic 
tissues (Pell et al., 1986). Therefore, most orally administered KIC 
would not be expected to reach peripheral tissues, so the stimulation of 
milk fat production by KIC likely was an indirect action on the mammary 
gland related to splanchnic metabolism of KIC. 
Splanchnic tissues account for about 50% of total protein turnover 
in nonlactating cows (Lobley et al., 1980) and 45% of heat production in 
lactating cows (Reynolds et al., 1986). Moreover, protein turnover 
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likely accounts for 16-28% of total body heat production nonlactatlng 
cows (Lobley et al., 1980). Therefore, If KIC decreases protein 
turnover, as Indicated by In vitro studies with non-ruminant tissues and 
studies with whole animals (Chua et al., 1979; Ell et al., 1978; Saplr et 
al., 1983; Tlschler et al., 1982), then the ATP requirement of splanchnic 
tissues and also the maintenance energy requirement of a lactating animal 
would be decreased. A decreased maintenance energy requirement might 
allow more llpogenlc substrates to be used by the mammary gland for milk 
fat synthesis. In support of this concept, Baldwin et al. (1985) have 
proposed that if maintenance energy requirement was decreased from 130 to 
90 kcal/kg 75, with feed intake constant at three times maintenance, then 
nutrient availability to the mammary gland would be increased 15%. 
Another possibility is that KIC might act indirectly on the mammary 
gland or other peripheral tissues by way of hormones or KIC-specific 
metabolites. The trend toward a lesser Insulin to glucagon ratio in cows 
fed KIC may be partly responsible for increased milk fat yield in cows 
fed KIC. Concentrations of Cortisol, Insulin, glucagon, and IGF-I in 
plasma, however, were not altered significantly by KIC supplementation in 
our study. Possibly, other hormones are Involved in the response, or 
secretion rate is being altered to a greater degree than concentration. 
In summary, milk fat content tended to Increase in lactating goats 
fed a 1.1% KIC diet and was Increased significantly in lactating dairy 
cows fed .75% KIC in the diet dry matter. Milk fat production was 
Increased significantly only in cows. Whereas the mechanism for these 
effects seems to be postruminal, a ruminai mechanism cannot be 
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discounted. Further work Is needed to determine the optimal KIC dosage 
for maximal stimulation of milk synthesis, to determine If KIC can 
prevent the milk fat depression associated with low fiber diets, and to 
elucidate the mechanism by which KIC stimulates milk fat production. 
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ABSTRACT 
To determine if leucine or its metabolites alter energy metabolism 
in growing lambs, 30 mixed-breed lambs were fed a control diet or 
ruminally-protected L-leucine, 2-ketoisocaproate (KIC), or isovalerate 
(IVA) at a molar equivalent of .05% leucine in the diet. Lambs were fed 
diets for '10 wk and slaughtered upon reaching 50 kg body weight. During 
wk 8, plasma glucose and acetate turnover rates were measured. Perirenal 
fat deposition was decreased (F<.01) in lambs fed KIC by 45% and tended 
to be decreased in lambs fed leucine by 29%. KIC also tended to decrease 
(P<.09) backfat thickness by 25%. Lambs fed leucine tended to have a 
slower growth rate and less efficient feed conversion when compared with 
lambs fed KIC. Plasma glucagon concentration was significantly less in 
lambs fed leucine, KIC, and IVA than in controls during wk 4 and tended 
to be less in lambs fed KIC and IVA during wk 8. Dietary treatment did 
not alter significantly glucose flux or concentration or acetate flux, 
concentration, or oxidation rate; however, trends toward increased 
acetate flux were observed in lambs fed leucine and KIC diets. In 
summary, KIC decreased lipid deposition and seemed to decrease glucagon 
concentration in plasma of growing lambs; effects of KIC on lipid 
deposition were unique among the leucine metabolites studied. 
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INTRODUCTION 
The branched-chain amino acid leucine and Its first catabollte, 2-
ketolsocaproate (KIC), have effects on metabolism that are unique among 
the amino and keto acids. Leucine and KIC both Inhibit proteolysis and 
stimulate protein synthesis in vitro (Tlschler et al., 1982; Kirsch et 
al., 1976; Buse and Reld, 1975; Chua et al., 1979) and reduce nitrogen 
excretion in vivo during times of extreme protein catabollsm (Ell et al., 
1978; Mitch et al., 1981; Sapir et al., 1983; Sax et al., 1986). 
Isovaleryl-CoA is a further catabollte of leucine, and there is evidence 
that Isovalerate also decreases proteolysis in vitro (Chua et al., 1979), 
suggesting that a further step in leucine catabollsm may be responsible 
for the effects of leucine and KIC. 
Protein turnover likely accounts for a minimum of 15-25% of 
maintenance energy requirement (Young et al., 1983; Lobley et al., 1980). 
Thus, if nutrient absorption is constant, decreased protein turnover 
should increase the energy available for lipogenesis and (or) increase 
net protein synthesis. Additionally, mechanisms controlling protein 
metabolism and those controlling lipid and carbohydrate metabolism are 
not distinct. Therefore, effects of compounds within the leucine 
metabolic pathway on protein metabolism indicate that they also may alter 
energy metabolism. Previous observations are that: 1) leucine increases 
insulin concentration and decreases glucose uptake and oxidation by human 
forearm (Abumrad et al., 1982a); 2) KIC decreases pyruvate oxidation in 
muscle from fasted rats (Chang and Goldberg, 1978), decreases 
gluconeogenesls in perfused kidney (Stumpf et al., 1978), decreases 
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glucagon secretion, and increases insulin secretion in perfused pancreas 
(Leclercq-Meyer et al., 1979; Holze and Panten, 1979); 3) isovalerate 
does not stimulate insulin secretion in perfused pancreas (Vague et al., 
1975); and 4) leucine must be metabolized, presumably to KIC, to elicit 
increased Insulin secretion and decreased pyruvate oxidation (Vague et 
al., 1975; Chang and Goldberg, 1978). 
In recent studies by our research group, intraperitoneal injection 
of 3 g KIC per day and dietary supplementation with 15 g KIC per day 
increased growth rate in lambs by 10% (Flakoll et al., 1986; Flakoll and 
Nlssen, 1986). Supplementation of lactatlng cow diets with .75% KIC 
increased milk yield and milk fat yield by 5% and 10%, respectively 
(VandeHaar et al., 1986). Whether these effects are specific to KIC or 
are general effects of leucine and its catabolltes is not known. 
Therefore, studies were conducted In growing lambs to determine if 
dietary supplementation with rumlnally-protected leucine, KIC, or 
Isovalerate would alter growth rate, fat deposition, concentrations of 
insulin and glucagon in plasma, or whole-body glucose or acetate 
turnover. 
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METHODS 
Animals and Diets 
Thirty mixed-breed ram lambs (21 kg Initial body weight) were 
allocated randomly to one of four dietary treatment groups. Animals were 
fed ad libitum a corn-soy basal diet (Table 13) supplemented with 5 g 
ammonium chloride per day, were caged Individually, and had free access 
to water. 
Table 13. Composition of basal diet 
Ingredient % of total mix (as fed basis) 
Ground com 60 
Expeller soybean meal* 21 
Dehydrated alfalfa meal 10 
Liquid molasses 7.5 
Com oil . 38 
Calcium carbonate .50 
Salt .50 
Vitamin A premix" .10 
Trace mineral premlx® .02 
TOTAL 100.00 
Dry matter^ , % 88 
Crude protein^ , % 17 
Net energy for maintenance^ , Mcal/kg 1.9 
Net energy for galn^ , Mcal/kg 1.3 
Calcium^ , % .5 
Phosphorus^ , % .4 
Leucine^ , % of total protein 10.4 
*West Central Cooperative, Ralston, lA. 
5^.2 X 106 lU/kg. 
°13.5% calcium, 12% zinc, 8% manganese, 10% iron, 1.5% copper, .2% 
Iodine, and ,1% cobalt. 
C^alculated from National Research Council values (1982). 
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Dietary treatments were 1) leucine (n-7), 2) 2-ketoisocaproate (KIC; 
n-8), 3) isovalerate (IVA; n-7), or 4) limestone (control; n-8) and were 
supplemented to the ration at feeding (2x/d) as zein-coated pellets 
(Table 14; Appendix B; VandeHaar et al., 1987). Pellets were made by 
thoroughly mixing zein and 88% ethanol and adding limestone, bentonite, 
and either calcium-(KIC)2, calcium-(IVA)2, leucine, or more limestone. 
This mixture was extruded through a 3 mm die directly into liquid 
nitrogen for freeze-fracturing. Frozen pellets were allowed to dry 
slowly at room temperature. After drying, pellets were shaken under 
forced air and sprayed with a solution of 20% zein in 88% ethanol (100 
ml/kg pellets). Average pellet size was 2x8 mm, and density was 1.1 -
1.2 g/ml as determined by buoyancy in salt solutions. From rumen bag 
studies, ruminai bypass of zein-protected compounds was estimated to be 
about 50%. Calcium- (IVA) 2 was made by combining calcium hydroxide and 
isovaleric acid, and the salt produced was calculated to be 73% calcium-
(IVA)2 and 27% calcium hydroxide. 
Lambs were fed their respective pellets at a rate of 1 g/d for the 
first 6 wk, 1.5 g/d for wk 6-10, and 2 g/d for wk 10 to time of 
slaughter. These doses are equivalent to about 1 g pellets per kg diet 
and 2.5 mmol leucine, KIC, or IVA per kg diet (molar equivalent of .05% 
leucine added to the diet). Two control lambs, one lamb fed leucine, and 
one fed IVA developed urinary calculi or other complications and were 
removed from the study. 
Lambs were weighed weekly, and total feed consumption for each 2 wk 
period was recorded. Jugular blood samples were collected at 4 wk into 
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sodium-EDTA-coated tubes and Immediately centrlfuged, and plasma was 
stored at -70° C for hormone analysis. Lambs were killed by electrical 
shock and exsangulnatlon at about 50 kg body weight after an 18-h fast. 
Hide, carcass, and perirenal adipose tissue were separated and weighed. 
Carcasses were severed between the tenth and eleventh ribs for 
measurement of backfat thickness. 
Table 14. Composition of treatment supplements* 
Leucine KIC IVA Control 
gAs ---
Zeinb 450 450 450 450 
Ethanol 278 278 278 278 
Water 37 37 37 37 
Limestone^  160 100 80 450 
Sodium Bentonite^  50 50 50 100 
L-Leucine® 340 
Calcium-(KIC)2'H20f 400 
Calcium- (VIA)2 "H^of 420 
D^ried treatment pellets contained approximately 2.5 mol leucine, 
KIC, or IVA, and 64, 91, 97, or 180 g calcium per kg leucine, KIC, IVA, 
or control pellets, respectively. 
F^reeman Industries, Tuckahoe, NY. 
3^25 mesh; Iowa Limestone Company, Des Moines, lA. 
2^00 mesh; American Colloid Company, West Des Moines, lA. 
®Slgma Chemical Company, St. Louis, MO. 
fgOBAC, Paris, France. 
Isotope Infusion Study 
During wk 8, when average body weight was 40 kg, whole-body flux of 
glucose and acetate was studied in four lambs per day. On the day 
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before each study, lambs were removed from feed at 2000 h and placed in 
metabolism stalls. At 0730 h on the day of study, lambs were fed 50 g of 
feed with .75 g of their respective treatment pellets. Right and left 
jugular veins were catheterized, and, at about 1000 h, a primed dose-
continuous infusion of [1-^ C^] acetate (IGN Radiobiochemicals, Irvine, 
OA) and [6-^ H] glucose (ICN Radiobiochemicals) was begun into the right 
jugular vein at .71 and .28 uCi/min, respectively. Priming doses of 
labelled acetate and glucose and [^ C^] bicarbonate were 28 and 10 uCi, 
respectively. Additionally, 50 uCi of [^ C^] bicarbonate (Calatomic, Los 
Angeles, CA) was given to prime the blood CO2 pool. 
Blood from left Jugular vein and expired air were sampled every 15 
min from 120 min to 180 min after start of infusion. Blood was collected 
into sodium-EDTA-coated tubes, stored on ice, and centrifuged, and plasma 
was stored at -70" for metabolite flux and hormone analysis. Expired air 
was collected for 1-2 min into meteorological balloons by using a nose-
cone face mask connected to a respiratory valve. ^^ C02 was trapped by 
slowly bubbling the air sample through 250 ml 1 M ethanolamine, 2 ml 
aliquots of this solution then were transferred to scintillation vials, 
and radioactivity was counted for determination of breath ^^ C02 output 
per min. 
Methods of Analysis 
Plasma was analyzed for concentration of Cortisol by 
radioimmunoassay kit (Travenol-Genentech Diagnostics, Cambridge, MA) and 
for insulin concentration in plasma of wk 8 samples by radioimmunoassay 
using bovine insulin antibody (Trenkle, 1970). Plasma glucagon 
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concentration was determined by radioimmunoassay using porcine glucagon 
antibody (Harris et al., 1979) for wk 4 samples and double-antibody 
radioimmunoassay using rabbit anti-porcine glucagon (BloTek Research, 
Inc., Lenexa, KS) for wk 8 samples. The concentration of insulin-like 
growth factor I (IGF-I) in plasma was measured by T. Elsasser (USDÂ-ARS, 
Beltsvllle, MD) by radioimmunoassay using human IGF-I antibody (Underwood 
et al., 1982) after dissociation of IGF-I from Its binding protein with 
acetic acid. Plasma leucine and KIC concentration were determined by gas 
chromatography-mass spectrometry after protein precipitation, separation 
of amino and keto acids by ion-exchange chromatography, extraction of 
ketoaclds with methylene chloride (Nlssen et al., 1982), and 
derivatlzation with N-methyl-N-(t-butyl-dimethylsilyl)tri-fluoroacetamlde 
containing 1% t-butyl-dimethylchlorosllane (Regis Chemical Company, 
Morton Grove, IL). 
Plasma glucose concentration and specific radioactivity (SRA) were 
determined by modification of Schmidt et al. (1975). Briefly, perchloric 
acid was used to precipitate protein in 1 ml plasma; after 
centrifugation, supernatant was neutralized with potassium hydroxide and 
poured through a cation-exchange column and anion-exchange column in 
series and eluted with H2O. Filtrate was dried at 25° and resuspended in 
1 ml water, of which 50 ul was used to determine glucose concentration by 
glucose oxidase assay kit (Worthington Diagnostic Systems, Inc., 
Freehold, NJ). The remaining 950 ul was diluted with scintillation 
fluid, and counts were measured. Whole-body glucose flux was 
calculated as [^ H] glucose infusion rate / SRA of plasma glucose. 
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Plasma acetate concentration and SRA were determined by using high-
performance liquid chromatography for separation of acetate. Protein in 
2 ml plasma with 3 umol malonic acid added as internal standard was 
precipitated by addition of 4 ml .5 N perchloric acid, and, after 
centrifugation, supernatant was poured through a disposable column filled 
with 2 ml 50% cation-exchange resin (Dowex-50W, Sigma Chemical Co., St. 
Louis, MO) and eluted with 2 ml .01 N hydrochloric acid. Eluent was 
heated to 90' for 10 min to remove acetoacetate, and then organic acids 
were extracted twice from sample with diethyl ether (purified for fat 
extraction; Mallinckrodt, Paris, KY) and back-extracted with 1 ml .05 N 
sodium hydroxide. This back-extract was dried under nitrogen gas, 
resuspended with 125 ul HPLC-grade water and 55 ul of suspended cation-
exchange resin (Dowex-50W), and 115 ul was chromatographed by HPLC using 
cation-exchange guard and analytical columns.(Cation and Aminex HPX-
87H; Bio-Rad Laboratories, Richmond, CA) with .02 M phosphoric acid at .6 
ml/min as the eluent. At 1.1 min after injection, a column-switching 
valve (Rheodyne, Cotati, CA) was activated so that solvent flowed first 
through the analytical column and then the guard column and detector; 
thus-, very late eluting compounds (later than 25 min) eluted within the 
first 8 min (Nazareth et al., 1984). Acetate eluted at about 17 min, was 
detected by absorbance of UV light at 214 nm, and was collected for 
determination of radioactivity by scintillation counting. Peak height 
was used to measure amount of acetate and compared to the peak height of 
internal standard (malonic acid) for calculation of concentration in 
plasma. Recovery of acetic and malonic acids was 44% and 18%, 
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respectively. Acetate SRA was used to estimate whole-body acetate flux 
and conversion to CO2 by the equations 1) acetate flux - infusion rate of 
[l^ C] acetate / acetate SRA, and 2) acetate oxidation - ^ C^02 output 
in expired air / acetate SRA. 
Determination of significant treatment effects was by analysis of 
variance with the ANOVA table including treatment and error; contrasts 
within the treatment component were made between control and treatment 
groups. Treatment effects were considered significant if the probability 
of greater F was less than .05 (F<.05). Effects were considered to be 
trends if P<.25 and P>.05. 
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RESULTS 
Effects of leucine, KIC, and IVA on feed Intake, growth rate, feed 
efficiency, perirenal lipid deposition, and backfat thickness are 
reported In Table 15. Leucine, KIC, and IVA had no significant effect on 
feed Intake. Growth rate and feed efficiency were decreased In lambs fed 
leucine when compared to those fed KIC, and feed efficiency tended to be 
greater In lambs fed KIC than controls (P<.2). Perirenal fat deposition 
at time of slaughter was decreased In lambs fed KIC by 45% (P<.01) and 
tended to be decreased In lambs fed leucine (P<.08) when compared with 
controls. KIC also tended to decrease backfat thickness (25%, P<.09). 
Leucine, KIC, and IVA significantly decreased plasma glucagon 
concentration during wk 4 by 18% (P<.03), 23% (P<.01), and 31% (P<.01), 
respectively, but had no significant effect on glucagon concentration 
during wk 8 (Table 16). Treatment also had no significant effect on 
plasma Insulin concentration during wk 8, but Insulin to glucagon ratio 
tended to be greater In lambs fed KIC than In lambs fed leucine (P<.06). 
Additionally, no significant effects were observed on plasma IGF-I or 
Cortisol concentration. 
Steady state SRA for plasma glucose was achieved by 135 mln post-
Infuslon (Figure 3), and average SRA of the four measurements between 135 
mln and 180 mln was used to evaluate effect of treatments. Leucine and 
Its metabolites had no significant effect on plasma glucose concentration 
or turnover (Table 17). Plasma glucose concentration averaged 66 mg/dl, 
and mean glucose turnover was 16 umol/kg-mln. Steady state also was 
achieved for acetate SRA by 120 mln (Figure 3). Acetate flux was 
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approximately 36 umol/kgmin, and oxidation to CO2 accounted for 37% of 
total acetate flux. Dietary treatment had no significant effect on 
acetate flux or oxidation, but acetate flux in lambs fed KIC and leucine 
tended to be greater than that of lambs fed control and IVA diets. The 
flux of acetate to compounds other than CO2 also tended to be greater in 
lambs fed KIC and leucine. Acetate concentration in plasma was about 230 
nmol/ml for all treatments. 
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Table 15. Effect of leucine, KIG, and IVA on feed intake, growth rate, 
and fat deposition in lambs fed to 50 kg body weight 
Variable Control Leucine KIG IVA SEM® Pr>F^  
Number of animals 6 8 6 6 
Initial weight, kg 21.6 20.9 21.5 21.0 1.3 .9 
Growth rate, g/d 323 287 334 315 20 .2C 
Feed intake, g/d 1430 1339 1394 1386 50 .5^  
Gain to feed ratio .224 .215 .239 .226 .020 .2*^  
Days to slaughter 92 102 87 93 15 .3® 
Carcass weight, kg 26.8 26.4 26.3 26.6 .1 .3 ^  
Perirenal fat, g 792 566 435 668 89 .03^  
fiackfat thickness, cm .95 .86 .72 .73 .238 
F^ooled standard error of a mean, calculated as pooled standard 
deviation from the ANOVA model / square root of the harmonic mean. 
P^robability of a greater F for effect of treatment component In 
ANOVA model. 
®KIC vs. leucine (P<.04). 
K^IC vs. leucine (P<.03), vs. control (P<.2). 
®KIC vs. leucine (P<.08). 
K^IC vs. control (P<.006), vs. leucine (P<.24), vs. IVA (P<.05); 
leucine vs. control (P<.07); IVA vs. control (P<.3). 
SkIG VS. control (P<.08). 
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Table 16. Effect of leucine, KIC, and IVÂ on concentrations of plasma 
hormones of lambs* 
Variable Control Leucine KIC IVA SEM^  Pr>F° 
Number of animals 6 8 6 6 
Plasma hormone concentrations 
Cortisol, ng/ml, wk 8 1.8 1.4 1.9 2.3 .4 .4 
insulin, ng/ml, wk 8 .87 .73 .99 .98 .3 .4d 
glucagon, pg/ml, wk 4 365 300 282 252 8 .003® 
wk 8 326 321 295 295 16 .4f 
IGF-I, ng/ml, wk 4 198 212 220 201 15 .6 
insulin to glucagon 
ratio, wk 8 2.68 2.26 3.43 3.33 .4 .28 
Plasma leucine 
concentration, uH, wk 8 242 254 215 247 31 .6 
Plasma KIC 
.3^  concentration, uH, wk 8 15.3 13.3 11.0 14.0 1.5 
*Blood samples collected during wk 4 or 8 after overnight fast 
bpooled standard error of a mean, calculated as pooled deviation 
from the ANOVÂ model / square root of the harmonic mean. 
P^robability of a greater F for the effect of treatment component in 
ANOVA model. 
K^IG vs. leucine (P<.14). 
C^ontrol vs. treatments (P<.0009), vs. leucine (P<.02), vs. KIC 
(P<.005), vs. IVA (P<.001); leucine vs. IVA and KIC (P<.2); IVA vs. KIC 
(P<.3). 
%IC vs. control (P<.2), vs. leucine (P<.3). 
SkIC VS. control (P<.22), vs. leucine (P<.06). 
K^IC vs. control (P<.06). 
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Figure 3. Average specific radioactivity (SRA) of glucose and acetate in 
plasma of all lambs at 15 min intervals during the sample 
collection period of infusion studies. Isotopic steady state 
was reached for glucose and acetate by 135 and 120 min, 
respectively, after start of infusion. 
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Table 17. Effect of leucine, KIC, and IVÀ on plasma glucose and acetate 
metabolism of lambs during wk 8 after overnight fast 
Variable Control Leucine KIC IVA SEM® Pr>Fb 
Number of animals^  6 6 7 5 
Body weight 41 38 41 40 
Plasma glucose 
Concentration, mg/dl 68.6 64.0 64.6 63.2 3.0 .6 
Flux, umol/kg mln 16.0 17.3 15.9 15.4 1.0 .6 
Plasma acetate 
Concentration, nmol/ml 263 221 226 209 40 .8 
Flux, umol/kg min 34.2 38.7 40.9 30.2 3.5 .2^  
% Oxidized 38.1 34.7 36.7 37.8 .9 .7 
Non-oxidized flux. 
umol/kgmin 20.8 25.4 25.8 18.8 2.2 .1® 
Glucose plus acetate 
flux, umol/kg min 50.2 55.8 56.8 45.1 3.7 .2^  
Acetate to glucose 
.4f flux ratio 2.17 2.22 2.66 2.04 .26 
P^ooled standard error of a mean, calculated as pooled deviation 
from the ANOVA model / square root of the harmonic mean. 
P^robability of a greater F for the effect of treatment component in 
ANOVA model. 
I^nfusion studies were not performed successfully in all lambs. 
<^ KIC vs. control (P<.2), vs. IVA (P<.05). 
®KIC vs. control (P<.12), vs. IVA (P<.04). 
K^IG vs. control (P<.2), vs. IVA <P<.11), vs. leucine (P<.24). 
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DISCUSSION 
The major finding of this study is that KIC significantly decreased 
perirenal fat deposition and tended to decrease subcutaneous lipid 
deposition and increase growth rate in growing lambs. This effect seemed 
unique to KIC, although trends were observed toward the same responses in 
lambs fed leucine. Other effects observed in this study, which are 
reported by Flakoll et al. (1987b), were significant increases in the 
weights of selected muscles and a trend for decreased days to slaughter 
for lambs fed KIC. Leucine and IVA seemed to have no effect on growth. 
Also observed were enhanced immune function in response to KIC and 
suppressed immune function in response to leucine (Kuhlman et al., 1987). 
Although leucine metabolites did not significantly increase growth 
rate In the present study, growth rate tended to be greater in lambs fed 
KIC when compared with lambs fed leucine. This difference between diets 
does not seem related to a branched-chain amino acid antagonism, because 
no significant difference in feed Intake was observed. This is 
consistent with previous studies in lambs infused intraperitoneally with 
3 g KIC per day or fed 1% KIC and cattle fed .05% zein-protected KIC 
(Flakoll et al., 1986; Flakoll and Nlssen, 1986; Flakoll et al., 1987a). 
A trend toward decreased subcutaneous fat deposition also is 
supported by previous studies with growing lambs (Flakoll et al., 1986; 
Flakoll and Nlssen, 1986). Additionally, effects on fat deposition in 
lambs are supported by studies in lactating animals, in which KIC 
increased fat output into milk (VandeHaar et al., 1986). Because fat 
deposition in body tissues during lactation seems to compete with fat 
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output Into milk, Increased milk fat production may reflect decreased net 
lipid deposition In body tissues. 
Glucose flux and concentration In this study are consistent with 
previous reports of total entry rate of glucose (including recycling) In 
sheep (White et al., 1969); sheep In the present study were fasted 14 h, 
so glucose production likely was about 80 - 90% of that In the fed state 
(Armentano et al., 1984). Although glucose use by tissues and 
gluconeogenesls previously have been shown to be decreased by KIC (Stumpf 
et al., 1978; Stumpf and Kraus 1978), no effect on glucose turnover was 
observed In the present study, possibly because animals were fasted 
overnight. 
Measures of acetate concentration In plasma and whole-body acetate 
flux and oxidation are also consistent with previous studies (Pethlck and 
Lindsay, 1978; Pethlck et al., 1981). Effects of KIC on acetate 
metabolism have not been reported; however, KIC administration does 
Increase ketone production In postoperative humans (Saplr et al., 1983) 
and, thus, might have been expected to also Increase acetate production. 
The maximal Increase In acetate production rate from catabollsm of 
dietary leucine, KIC, or IVA supplements would be about .7 umol/kg-mln. 
However, KIC and leucine tended to Increase acetate flux rate (relative 
to control and IVA treatments) almost 7 umol/kg-mln. Whether this trend 
Is related to the changes also noted In lipid deposition is not 
understood. Because lambs were studied after an overnight fast, this 
increase indicates that endogenous acetate production was likely 
enhanced. Despite this possible change in total flux, however, no change 
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was observed In the percentage of plasma acetate oxidized to CO2. The 
rate of acetate conversion to compounds other than CO2 was increased in 
lambs fed KIC and leucine diets. This Increased non-oxidative flux 
indicates that the recycling of acetate to lipid and back to acetate was 
greater in these lambs, and that their adipose tissue may have been 
metabolically more active. 
In the present study, lambs were supplemented with only 2.5 mmol 
leucine, KIC, or IVA. Leucine absorption from the diet in sheep is 
considered to be approximately 50 mmol/d (Tagari and Bergman, 1978); 
therefore, the maximal increase in leucine absorption expected from 
leucine supplementation would be only 5%. KIC and IVA absorption in 
unsupplemented animals, however, are much less than that of leucine, so 
equimolar amounts of supplemental KIC or IVA represent a much greater 
relative change in KIC and IVA absorption. Of KIC reaching the small 
intestine, 85% is used by gut and liver in dogs (Abumrad et al., 1982a), 
and, in lambs, gut and liver removed more than half of blood KIC (Pell et 
al., 1986). Therefore, KIC is metabolized primarily by splanchnic 
tissues and very little of an oral dose would be expected to reach 
peripheral tissues. This Indicates that effects of KIC probably are 
mediated by metabolism in gut tissues and liver and may be caused by 
changes in hormone secretion rates. 
Plasma glucagon concentration was decreased in lambs fed all leucine 
metabolites during wk 4, and, during wk 8, lambs fed KIC tended to have a 
greater insulin to glucagon ratio in plasma. This is consistent with 
previous studies showing decreased glucagon secretion and increased 
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insulin secretion in response to KIC (Leclercq-Meyer et al., 1979; Holze 
and Panten, 1979). Increased insulin to glucagon ratio in lambs fed KIC, 
however, likely would have increased rather than decreased lipid 
deposition in adipose depots unless other hormones or metabolites also 
were altered. 
Effects of KIC on Cortisol metabolism have not been reported, 
although leucine may increase Cortisol concentration (Munro et al., 
1963). Whereas no effect on plasma total Cortisol concentration was 
observed in the present study, we previously have observed significant 
decreases in total Cortisol concentration in cattle fed KIC (data not 
reported), and effects on free Cortisol concentration are not known. 
IGF-I secretion, which is responsive to plane of nutrition (Kenison et 
al., 1987), seems a likely candidate for mediating KIC action because it 
is involved in controlling growth and is secreted by liver, a tissue that 
rapidly metabolizes KIC. Although no change was observed in total IGF-I 
concentration, effects of KIC on secretion rate or bound to free ratio 
are not known. 
In summary, decreased perirenal and subcutaneous lipid deposition 
and increased growth rate in lambs fed KIC seems to be a unique effect of 
this metabolite within the leucine catabolic pathway. The mechanism for 
this effect is not understood but seems to be post-ruminai and may be 
related to changes in glucagon and insulin secretion. 
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GENERAL SUMMARY AND CONCLUSIONS 
The major finding of these studies Is that KIC alters lipid 
metabolism in ruminants. KIC Increased milk fat production in lactating 
cows and goats and decreased perirenal and subcutaneous lipid deposition 
in growing lambs. These results might seem inconsistent unless one 
considers that the mechanisms controlling milk fat production and those 
controlling body lipid deposition are quite different. For example, 
insulin Increases net body lipid deposition but decreases milk fat 
production; growth hormone increases milk fat production but decreases 
net body lipid deposition. During lactation, lipid deposition in body 
tissues seems to compete with lipid output into milk. Increased milk fat 
production, therefore, may reflect decreased net deposition of lipid in 
body tissues of a lactating animal. 
Some possible mechanisms for the effects of KIC on lipid metabolism 
observed in these studies are: 
1. KIC may directly alter lipogenesis and llpolysis in adipose 
tissue and lipogenesis in mammary gland. Adipose tissue Is a major site 
for metabolism of leucine (Rosenthal et al., 1974; Wljayasinghe et al., 
1983) and probably of KIC also; however, if KIC does alter lipid 
metabolism, it likely does so in a manner similar to that of ketone 
bodies, which seem to inhibit llpolysis. Bovine mammary gland removes 
leucine from plasma in excess of its output into milk and uses some of 
this excess as an energy and carbon source (Wohlt et al., 1977). 
2. KIC may be converted to ketone bodies in liver and thereby 
provide increased lipogenlc substrate for milk fat synthesis when fed at 
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a dose similar to that of the lactation studies (.75%). The dose of 
leucine metabolites In the lamb study, however, was likely too low (.05%) 
to significantly Increase the availability of lipogenlc precursor for 
adipose tissue llpogenesls. 
3. KIC may indirectly alter lipid metabolism through effects on 
skeletal muscle protein breakdown. If feed Intake is constant and muscle 
proteolysis is decreased during lactation, then protein synthesis might 
be decreased slmllarily; thus, energy use by muscle would be decreased, 
and Increased energy (acetate, ketones, fatty acids) would be available 
for milk fat synthesis. If proteolysis is decreased in a growing animal, 
however, little change in synthesis might occur; therefore, amino acid 
deposition as muscle protein might be increased, and amino acid 
availability as an energy and carbon source for adipose tissue 
llpogenesls would be decreased. 
4. Because the primary sites for metabolism of orally-administered 
KIC are likely gut and liver tissues, metabolic effects of KIC may be 
greatest in these tissues. Possible effects at the gut and liver level 
are: 1) decreased splanchnic tissue energy use because of decreased 
protein turnover, 2) increased whole-body glucose availability because of 
decreased glucose use by gut tissues and Increased gluconeogenesls, 3) 
decreased Cortisol secretion because of decreased cholesterol synthesis 
through Inhibition of HMG-CoA reductase, and 4) altered secretion of IGF-
I or other gut hormones. Any of these changes might alter whole-body 
lipid metabolism in growing or lactating ruminants. 
5. A decreased Insulin to glucagon ratio or Increased growth 
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hormone secretion rate In response to KIC would have resulted In effects 
similar to that observed. These hormonal changes would Increase milk fat 
synthesis with little change in milk fatty acid composition In a 
lactating cow and decrease body fat deposition in a growing lamb. 
However, no effect or a decrease was observed in the concentration of 
IGF-1, the probable mediator of growth hormone action, and, although 
insulin to glucagon ratio tended to be less in cows fed KIC, it tended to 
be greater in lambs fed KIC and IVA. Increased Insulin to glucagon ratio 
in response to KIC is supported by previous studies in nonruminants and 
would be expected to have effects opposite those observed. 
6. Recent studies suggest that KIC alters immune function in 
ruminants. If KIC enhances the immune function of lactating mammary 
gland, then a decrease in mastitis incidence and a subsequent Increase in 
milk and milk fat production might be expected. A possible mechanism for 
the immune system to decrease adipose tissue lipid deposition is based on 
the recent finding that lymphocytes can secrete ACTH and endorphins 
(Blalock and Smith, 1985). If KIC significantly alters the secretion of 
ACTH by lymphocytes, then changes would be expected in the secretion of 
Cortisol, a hormone known to alter lipid deposition. 
Based on available evidence from these and other studies, the most 
likely mechanism for the effect of KIC on lipid metabolism is through 
decreased protein turnover of splanchnic tissues and skeletal muscle. 
This would be consistent with the apparent partitioning of nutrients 
toward milk and muscle and away from body lipid stores. Lowered muscle 
maintenance needs in lactating cows might Increase the nutrient supply to 
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mammary gland. Because muscle In a lactatlng cow uses mostly acetate, 
ketones, and fatty acids for its energy needs, lowered energy requirement 
with no change in feed intake would increase the flow of these nutrients 
to mammary gland and might increase milk fat production without a large 
change in milk fatty acid composition. In growing animals, lowered 
skeletal muscle proteolysis with no change in protein synthesis and feed 
Intake should increase net protein deposition and decrease the energy 
available for lipogenesis. 
In a fasted animal, as in the lamb Infusion study, muscle likely 
uses fatty acids as its primary energy source and releases some acetate 
from incomplete oxidation of fatty acids. (Although muscle acetate 
uptake may be greater than release, peripheral release of acetate 
accounts for 80% of endogenous acetate production in fasted sheep -
Bergman and Wolff, 1981.) If KIC decreased protein turnover during 
fasting, then increased release of acetate might occur. Increased 
peripheral production of acetate could explain the increase in milk fat 
production observed in the cow and goat studies of section I. 
The increase in non-oxidative acetate flux observed in lambs fed KIC 
indicates that lipogenesis was greater in these lambs; however, lipid 
deposition was significantly less in these lambs. Possibly, adipose 
tissue was metabolically more active in lambs fed KIC. If adipose tissue 
of lactating cows was synthesizing and releasing fatty acids more 
actively, then an increase in milk fat production might be expected 
because adipose tissue would be adding to the lipogenic capacity of the 
mammary gland. 
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The role of the major partitioning hormones (i.e., growth hormone, 
IGF-I, Insulin) in the mechanism of KIC action is not known. No 
significant difference between control and KIC-fed animals was observed 
for concentrations of IGF-I or insulin. A trend toward decreased IGF-I 
concentration in lactating cows fed KIC was observed; however, decreased 
IGF-I concentration likely would not result in Increased milk fat 
production. When compared with controls, insulin to glucagon ratio 
tended to be less in cows fed KIC but greater in lambs fed KIC. 
Decreased insulin to glucagon ratio would be expected to have effects on 
lipid metabolism consistent with those observed in the lactation studies. 
The differential response to KIC of insulin to glucagon ratio in 
lactating cows and growing lambs may be related to the reported decreased 
responsiveness of insulin secretion to insulinotropic agents during 
lactation (Lomax et al., 1979). 
Although Cortisol concentration was not altered in the present 
studies, decreases in Cortisol concentration of lambs fed KIC have been 
observed in previous studies. Cortisol alters lipid metabolism and 
therefore could be Involved in this partitioning effect, but the role of 
Cortisol in milk production is not understood. 
The greatest effect of KIC on milk fat production in the lactating 
cow study was within the first week of KIC supplementation. The greatest 
effect of KIC on growth was during the first month of supplementation 
during the lamb study (data not shown). The ratio of internal to 
subcutaneous lipogenesis decreases with age in ruminants (Bauman and 
Davis, 1975); thus, a greater effect of KIC during the first month of 
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treatment would account for the observation that perirenal lipid 
deposition was decreased to a greater extent than subcutaneous lipid 
deposition. 
In conclusion, KIC Increased milk fat production In lactatlng cows 
and goats and decreased lipid deposition In adipose tissue of growing 
lambs. The mechanism of these effects Is not known but seems to be 
postruminal and may Involve changes In protein turnover. Further work Is 
needed to better define the optimal dosage of KIC and Its mechanism of 
action. 
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APPENDIX A. STUDIES AND RESULTS RELATED TO SECTION I 
Effect of Intravenous Infusion of KIC In Lactatlng Goats 
Eight lactatlng goats were used In a study to determine the effect 
of Intravenous Infusion of 0, 1, 3, or 6' g of sodlum-KIC per day. 
Treatments of KIC In saline were Infused Into the Jugular vein via 
Indwelling catheters for 1 wk. Dally milk yield was recorded during the 
treatment period and the 2 previous wk. Composition of milk was measured 
for 2 d before, 2 d at the start, and 2 d at the end of the treatment 
period. Results Indicated no effect of treatment (Table Al). 
Table Al. Effect of Intravenous Infusion of KIC on milk production in 
goats 
Dose 
0 g/d 1 g/d 3 g/d 6 g/d 
Milk yield, Ib/d 
Pretrial 6.9 6,5 8.7 7.45 
Trial effect -.2 - .4 -. 8 -.2 
Difference from control -.4 - • 6 .0 
Milk fat content, % 
Pretrial 3.29 3.56 3.81 3.56 
Trial effect .14 .28 .10 .08 
Difference from control .14 -.03 -.06 
Milk protein content, % 
Pretrial 2.85 3.00 3.27 2.85 
Trial effect 2.78 3.02 3.08 2.78 
Difference from control .09 -.13 .00 
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Blood Response to Oral Doses of KIC Salts 
Tests were conducted in goats to determine if the calcium salt of 
KIC, which is less water soluble, would bypass the rumen to a greater 
degree than the sodium salt. The results (Table A2) indicated that the 
calcium salt may have been less degraded in rumen. 
Table A2. Blood KIC concentration (uM) response to oral administration 
of calcium and sodium salts of KIC in goats 
Dose (g) Time 
0 
after 
1 
dose 
2 
(hours) 
4 8 20 
Calcium-KIC 
0 17 - - ND ND ND 28 
20 17 - - 43 36 24 24 
40 15 58 48 27 
Sodium-KIC 
0 40 - - 36 — — 40 26 
10 28 34 43 • — 30 38 
20 32 36 26 • - 37 39 
30 39 72 92 53 26 
Efficacy of Lipid Coating for KIC Bypass 
This method is based on work by Smith and Boling (1984; see section 
I herein) in which plasma methionine concentration was elevated in lambs 
fed lipid-coated methionine (composed of 40% finely ground corn, 30% 
coconut oil, 20% D,L-methionine, and 10% zein). The lipid-coated KIC in 
the cow trial was made by mixing 2 kg sodium-KIC with 1 kg finely ground 
com gluten meal and then adding 1 kg of the hot fat mix. The fat mix 
contained 10% paraffin, 90% hydrogenated soy oil, and .05% d-alpha-
tocopherol (490 lU per kg fat). A 50% reduction in 16 h water solubility 
(37°) of KIC was observed when sodium-KIC was treated by this method. 
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Extruded pellets also were added to rumen fluid in vitro, but, because of 
difficulties in quantitating KIC from rumen fluid, disappearance could 
not be determined. Visual observations indicated that some pellets 
remained in the tubes after 20 h of incubation. No tests were performed 
using rumen bags to estimate degradability of lipid-coated KIC. 
Animals Used for Section I Studies 
Table A3. Animals used In trials 1 and 2 of lactation studies 
Animal Breed Lact- Days Days Treat- Initial 
atlon postpartum pregnant ment milk yield 
Goat trial 
578 Saanen 3 136 0 KIC 1.88 
594 Saanen 3 30 0 KIC 5.56 
614 Saanen 2 137 0 control 2.65 
615 Saanen 2 135 0 KIC 2.10 
616 Saanen 2 137 0 KIC 4.61 
628 Saanen 2 140 0 KIC 2.58 
639 Saanen 2 136 0 control 3.07 
660 Saanen 1 64 0 control 4.02 
682 Saanen 1 or 2 140 0 control 2.54 
698 Saanen 3 141 0 control 2.02 
Average control 124 ± 15 2.9 +.4 
Average KIC 116 ± 21 3.3 ±.7 
Cow trial 
8121 Holsteln 3 314 145 control 24.9 
8316 Holsteln 2 222 132 control 28.1 
8488 Holsteln 2 202 132 KIC 29.1 
8560 Holsteln 2 165 80 KIC 30.5 
8659 Holsteln 1 243 109 KIC 24.5 
8704 Holsteln 1 251 162 KIC 22.6 
8720 Holsteln 1 219 91 control 22.9 
8752 Holsteln 1 172 109 control 19.7 
8209 Brown Swiss 3 215 135 KIC 15.1 
8223 Brown Swiss 3 250 148 control 10.4 
8645 Brown Swiss 1 211 139 control 14,0 
8742 Brown Swiss 1 211 112 KIC 16,0 
Average control 231 ± 19 127 ± 9 20 ± 3 
Average KIC 215 ± 13 122 ± 11 23 ± 3 
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Analysis of Variance for Effect of KIG on Milk Production 
Table A4. Analysis of variance for the effect of KIG on milk yield 
conserv.* 
Variable df SS MS F Pr>F Pr>F 
Trt^  1 421 9.4 .018* 
Block 3 5631 1877 41.8 .0001 
Trt*Block (3) (119) 
Gow(Trt*Block) (4) (195) 
Error(A)° 7 315 44.9 
Day 13 96.7 7.44 3.8 .0001 .080 
Trt*Day 13 33.2 2.55 1.3 .23 .28 
Day*Block (39) (91.7) 
Trt*Day*Block (39) (64.4) 
Day*Gow(Trt*Block) (52) (101.5) 
Error(B)d 130 257.6 (Root MSE - 1.41) 
Total 167 6754 
Contrasts bv oeriod 
Day 
Mean trt vs. pooled 
pre- + post-trt 1 15.2 15.2 7.68 .0064 .020 
Wk 1 vs. wk 2 + 3 1 21.2 21.2 10.7 .0014 .0084 
Pre- vs. post-trt 1 7.1 7.1 3.6 .060 .087 
Trt*Day 
Mean trt vs. pooled 
pre- + post-trt 1 15.6 15.6 7.88 .006 .019 
Wk 1 vs. wk 2 + 3 1 .80 .80 .40 .53 .54 
Pre- vs. post-trt 1 2.3 2.3 1.15 .29 .31 
P^robability of a greater F calculated with conservative df for 
period effects. Conservative df are calculated by dividing both terms of 
F test by df for day; thus, for trt*day effect, Pr>F is determined by 
using 1 and 10 df, not 13 and 130 df, 
bTreatment. 
°Error for nonrepeated effects - Trt*Block + Cow(Trt*Block). 
^Error for period effects — Day*Block + Trt*Day*Block + 
Day*Cow(Trt*Block). 
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Table Â6. Analysis of variance for the effect of KIC on milk fat content 
conserv.® Variable df SS MS • F Pr>F 
Pr>F 
Trt^  1 2.55 2.55 1.4 .28 
Block 3 9.17 3.06 1.7 .25 
Trt*Block (3) (3.93) 
Cow(Trt*Block) (4) (8.59) 
Error(A)° 7 12.52 1.79 
Day 13 1.58 .122 3.33 .0002 .098 
Trt*Day 13 .852 .0655 1.79 ,051 .21 
Day*Block (39) (2.09) 
Trt*Day*Block (39) (1.56) 
Day*Cow(Trt*Block) (52) (1.10) 
Error(B)d 130 4.75 .0365 (Root MSE - .191) 
Total 167 31.42 
Contrasts bv oeriod 
Day 
Mean trt vs. pooled 
pre- + post-trt 1 .047 .047 1.30 .26 ,28 
Wk 1 vs. wk 2 + 3 1 .001 .001 .03 .86 ,87 
Pre- vs. post-trt 1 .707 .707 19.4 .0001 .002 
Trt*Day 
Mean trt vs. pooled 
pre- + post-trt 1 .321 .321 8,79 .0036 ,014 
Wk 1 vs. wk 2 + 3 1 .133 .133 3.65 .058 .085 
Pre- vs. post-trt 1 .000 .000 .00 .97 .98 
P^robability of a greater F calculated with conservative df for 
period effects. Conservative df are calculated by dividing both terms of 
F test by df for day; thus, for trt*day effect, Pr>F is determined by 
using 1 and 10 df, not 13 and 130 df. 
T^reatment. 
°Error for nonrepeated effects - Trt*Block + Cow(Trt*Block). 
^Error for period effects - Day*Block + Trt*Day*Block + 
Day*Cow(Trt*Block). 
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Table Â7. Analysis of variance for the effect of KIC on 4% fat-
corrected milk yield 
conserv.* 
Variable df SS MS F Pr>F Pr>F 
Trtb 1 634 634 12.1 .010 
Block 3 4825 1608 30.6 .0003 
Trt*Block (3) (93) 
Cow(Trt*Block) (4) (275) 
Error(A)° 7 368 52.6 
Day 13 85.1 6.55 3.68 .0001 .084 
Trt*Day 13 50.8 3.90 2.20 .013 .17 
Day*Block (39) (83.5) 
Trt*Day*Block (39) (57.4) 
Day*Cow(Trt*Block) (52) (90.1) 
Error(B)d 130 231.0 1.78 (Root MSB ; - 1.33) 
Total 167 6194 
Contrasts bv oeriod 
Day 
Mean trt vs. pooled 
pre- + post-trt 1 22.7 22.7 12.8 .0005 .0050 
Wk 1 vs. wk 2 + 3 1 25.9 25.9 14.6 .0002 .0034 
Pre- vs. post-trt 1 .03 .03 .01 .90 .92 
Trt*Day 
Mean trt vs. pooled 
pre- + post-trt 1 31.1 31,1 17.5 .0001 .0019 
Wk 1 vs. wk 2 + 3 1 4.7 4.7 2.6 .107 .14 
Pre- vs. post-trt 1 .8 .8 .46 .50 .51 
P^robability of a greater F calculated with conservative df for 
period effects. Conservative df are calculated by dividing both terms of 
F test by df for day; thus, for trt*day effect, Pr>F is determined by 
using 1 and 10 df, not 13 and 130 df. 
T^reatment. 
°Error for non-repeated effects - Trt*Block + Cow(Trt*Block). 
^Error for period effects - Day*Block + Trt*Day*Block + 
Day*Cow(Trt*Block). 
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Effect of KIC on Milk Fat Yield of Individual Cows 
Table Â8. Effect of KIC on milk fat yield of individual cows 
Average Average 
Cow Treatment Block Pretrial Trial Change Wk -1 Wk 1 Change 
8316 Control H2® 1234 1173 -61 1225 1266 41 
8121 Control H2 844 902 58 877 927 50 
8752 Control Hlb 760 762 2 696 745 49 
8720 Control HI 756 800 44 756 828 72 
8223 Control B2° 418 344 -74 368 313 -55 
8645 Control Bid 619 663 44 638 661 23 
Average Control 772 774 2 760 790 30 
8448 KIC H2 1145 1238 93 1153 1357 204 
8560 KIC H2 1079 1162 83 1058 1218 160 
8659 KIC HI 975 1069 94 978 1163 185 
8794 KIC HI 910 975 65 876 970 94 
8209 KIC B2 642 700 58 642 751 109 
8742 KIC B1 739 833 94 753 855 102 
Average KIC 915 996 81 910 1052 142 
M^ultlparous Holsteln. 
bprlmlparous Holsteln. 
GMultlparous Brown Swiss. 
P^rimiparous Brown Swiss. 
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Effect of KIG on Nitrogen Balance of Lactatlng Cows 
Foley catheters were Inserted Into the urinary bladder of cows In 
trial 2 at the end of the pretreatment period and at the end of the 
treatment period. Urine was collected Into plastic oil collectors 
containing 30 mis sulfuric acid and emptied twice per d. Total urine 
weight and feces weight were recorded for 48 h, and representative 
samples of each were taken for later analysis of nitrogen (N) content. 
Results were analyzed statistically for treatment differences by analysis 
of covarlance using the pretreatment measurement as the covarlate (Table 
A8). No significant differences were observed, although there were 
slight trends for decreased N output into urine and increased N output 
into milk. 
Table AS. Covarlate-adjusted N balance measurements of cows fed control 
and KIC-supplemented diets 
N component® Control KIC Pr>F^  
Feed N Intake 551 544 .6 
Urine N output 198 184 .4 
Feces N output 179 176 .7 
Milk N output 126 132 .3 
Body N retention® 46 55 .6 
*Feed N intake and milk N output calculated from feed intake, milk 
yield, and milk protein content during the final weeks of pretreatment 
and treatment periods. 
P^robability of a greater F for effect of KIC by using analysis of 
covarlance. 
®Body N retention calculated as 
[feed N - (urine N + feces N + milk N). 
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Pooled Statistics for Goat and Cow Trials 
When both the goat and cow studies were combined for statistical 
analysis by blocking for species, the pooled percentage increases in milk 
fat content (6.0%), milk fat yield (9.6%), and 4% fat-corrected milk 
(7.3%) were significant, P<.011, P<.014, and P<.036, respectively. 
Pooling the data may be unjustified, however, because the underlying 
assumption of equal variance may not be true with different species. 
Whether or not the pooling is justified, the response in the two species 
was very similar. This similar response in both trials indicates that 
KIC does have the potential to alter milk production. 
Health Records of Cows Used in Trial 1 
Four cows developed clinical signs of kidney infection within one 
year of the present study; time of infection was likely during the 
nitrogen balance determinations (11/14/84 to 11/16/84 and 12/4/84 to 
12/7/84). Foley urinary catheters were sterilized with ethylene oxide 
and inserted by the following procedure. 1. The pubic area of each cow 
was washed with green soap and water, then with zepharin solution. 2. 
Hands and catheter were lubricated with sterile K-Y Jelly. 3. Catheter 
was inserted without touching tip to external pubic area, and its balloon 
was filled sterile saline, 4. Catheter was connected to drainage tubing, 
taped to base of tail, and covered with Furacln cream. No bacterloclde 
was flushed into the urinary bladder. The pubic area of each cow was 
washed twice dally with green soap and water and treated with Furacln 
cream. Catheters were disconnected for milking. 
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Table A9. Arrangement of cows In stalls during trial 
Stall from West side East side 
north door Cow Treatment Cow Treatment 
1 8209*'% KIC 8316°  ^ control 
2 8223 control 8i2iD,c,d control 
3 8645 control 8704b,d KIC 
4 8742 KIC 8659^ ,0,6 KIC 
5 8488° KIC 8752 control 
6 8560 KIC 8720 control 
E^xcessive urine output and water consumption (almost double) during 
second N balance determination. 
D^eveloped pyelonephritis after trial period. 
GPeces very loose during the second N balance determination. 
U^rinary catheter replaced at least once. 
E^xcessive straining against urinary catheter. 
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Table AlO. Health records of Individual cows 
FollowAOR %açt#t&9n 
Due Calving Milk Health records 
Cow date date Days yield date comments 
CONTROL COWS 
8121 3/31/85 3/30/85 120 10060 
8223 4/8/85 4/4/85 309 12240 
8316 4/13/85 4/12/85 no record 
8645 4/17/85 4/14/85 308 12090 
8720 5/24/85 5/26/85 298 19790 
8752 5/6/85 5/10/85 293 16750 
COWS FED KIC 
8209 4/21/85 1/3/85 no record 
8488 4/13/85 4/18/85 423 27570 
8560 6/4/85 6/2/85 305 18910 
8659 5/6/85 3/21/85 no record 
8704 3/14/85 3/15/85 22 970 
8742 5/14/85 5/11/85 331 11320 
4/25/85 bloody urine 
7/6/85 diagnosis: kidney infection 
7/27/85 sold; low production 
3/19/86 sold: research purposes 
4/12/85 sold: pendulous udder 
10/25/85 mastitis 
12/7/85 sold: low production 
9/1/87 still in herd 
1/26/87 sold; low production 
12/15/84 not eating, taken off trial 
12/18/84 diagnosis: kidney infection 
1/3/85 aborted 
2/7/85 euthanized and necropsied: 
chronic pyelonephritis 
4/20/85 mastitis 
9/9/85 mastitis 
6/15/55 sold: reproductive problems 
9/1/87 still in herd 
2/5/85 not eating 
2/7/85 diagnosis: kidney infection 
2/8/85 quit milking 
3/21/85 aborted 
4/10/85 sold as nurse cow 
4/3/85 low production, not eating 
4/4/85 bloody urine 
4/5/85 diagnosis: kidney infection 
4/6/85 euthanized and necropsied: 
pyelonephitis 
daughter (#9301) is in 1st lactation 
9/1/87 still in herd 
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APPENDIX B. ZEIN-COATING AS A BYPASS METHOD 
Introduction 
Several methods have been studied and proposed to protect compounds 
from ruminai degradation. Among these are: 1) lipid encapsulation 
(Smith and Boling, 1984); 2) coating with blood (Mir et al., 1984); 3) 
coating with fish hydrolysate (Mir et al., 1984); and 4) encapsulation 
with a styrene and 2-methyl-5-pyridine copolymer (Dannelly and Ardell, 
1980a, b; Papas et al., 1984). None of these methods meet all of the 
criteria of Table Bl. Therefore, a method using the corn protein zein 
was developed to protect compounds from ruminai degradation. Zein is 
highly resistant to microbial degradation and is insoluble in aqueous 
solutions. Zein dissolves in 80-90% alcohol and shrinks to form a 
resilient polymer coat when dried. It is a "natural compound" and has 
previously been used in the pharmaceutical industry to make time-release 
tablets (Klippel, 1971; Westall and Pimbley, 1972). 
Methods 
Production of zeln-protected compounds 
The method of production of zein-coated pellets has been described 
in section II of this document and will be discussed only briefly. Zein-
coated pellets of KIC, methionine, and limestone were made by mixing 
zein, 88% ethanol, limestone, bentonite, and either Ca-(KIC)2, D,L-
methionine, or more limestone (Table B2). After extrusion into liquid 
nitrogen for freeze-fracturing, pellets were slowly dried on nontacky 
vinyl tarps spread over a concrete floor. After drying, 1 kg pellets 
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were placed on a mechanical shaker and sprayed with 100 mis 20% zeln in 
88% ethanol while shaking with air blowing over them. 
Table Bl.Desired properties for a laboratory-scale method of protecting 
compounds from ruminai degradation 
Properties of pellet 
1. Size - "2-3 mm^  for optimal passage time through rumen 
2. Density - 1.1-1.2 g/ml for optimal passage time through rumen® 
3. Resistant to microbial degradation 
4. Digestible In lower gastrointestianl tract 
5. Stable matrix at room temperature 
6. Inert so that protected compound is not chemically altered 
7. Physically stable during feed mixing and mastication 
8. Acceptable composition to use in feeding animals for human-
consumption 
Properties of method 
1. Low capital inputs 
2. Readily available ingredients 
3. Consistent results easily verified by rumen bag technique 
*desBordes and Welch, 1984. 
Table B2. Pellet ingredients for efficacy studies of zein-protectlon 
Pellet tvpe 
Ingredients KIC Methionine Control 
Zeln, g 450 450 450 
88% Ethanol, g • 315 315 315 
Limestone, g 100 160 450 
Na-bentonlte, g 50 50 100 
Ca-(KIG)2, g 400 
D,L-Methionine 340 
Determination of bypass value 
For determination of resistance to microbial degradation, the rumen 
bag procedure was employed. Pellets (1.5 g) were placed into 8 x 10 cm 
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dacron bags, sealed, and weighed. Bags were anchored and placed in the 
rumen of a flstulated steer (fed an alfalfa hay diet) for varying lengths 
of time in triplicate. Upon removal, bags were thoroughly rinsed with 
cold tap water until rinses were visibly clean and then dried at 6^  for 
24 h. Percentage of KIC or methionine remaining in bags was determined. 
Pellet bypass value was determined by the cumulative degradation equation 
(Orskov, 1982, p. 55): 
P. - a + [be / (c + k)] 
where P - fraction degraded (bypass fraction - 1 - P) 
a - rapidly soluble fraction 
b - fraction subject to degradation 
c - constant rate for disapperance of b 
k - fractional outflow rate (inverse of turnover time) 
and a, b, and c are determined from the degradation equation: 
p - a + b(l - e'Ct) 
where p is the amount of compound lost at time t in an in situ rumen bag 
study. 
To evaluate the digestibility of zein-coated pellets, adult rats 
were fed diets containing almost 50% KIC pellets. Additionally, feces of 
lambs and cattle fed KIC and methionine pellets were visually inspected 
for undigested pellets and analyzed for traces of KIC. 
Methods for analysis of KIC and methionine 
Dry pellets or feces were weighed and ground, and 100 mg was 
dissolved in 2 ml 88% ethanol in a 50 ml culture tube. The solution was 
brought up to 25 ml with 1 N HCl (which caused the zein to come out of 
solution), vortexed well, heated to 40° for 20 min, and further diluted 
to 50 ml. For KIC pellets, a 500 ul aliquot was added to a 50 ml culture 
tube with 200 nmol norleuclne as an internal standard, extracted Into 
methylene chloride, back-extracted into 500 ul .1 M phosphate (pH 7), and 
analyzed for KIC concentration by reverse-phase HPLC. For methionine 
pellets, the procedure was identical except that L-leucine was used as 
the internal standard and amino acids were converted to their respective 
ketoacids before the extraction (Nissen et al., 1982). Briefly, the 
initial aliquot was poured through a cation-exchange column, and amino 
acids were eluted with 25% NH4OH into a 20 ml vial, dried under N2 gas, 
and incubated with an L-amino acid oxidase and catalase solution under O2 
gas. After acidification, ketoacids were separated as above. 
Results and Discussion 
Results are shown in Table B3. Based on the assumption that 
protected compounds eventually would be completely degraded in rumen 
bags, estimates of the rapidly soluble fraction (a), the fraction subject 
to degradation (b), and the constant rate of disappearance of b (c) were 
15%, 85%, and 2.9% for KIC pellets and 2%, 98%, and 3.8% for methionine 
pellets. If turnover time in the rumen is assumed to be 15 h, then 
fractional outflow rate (k) would be 6.7% and fraction of protected 
compound bypassing the rumen would be 59% for KIC pellets and 63% for 
methionine pellets. For turnover times ranging from 12 to 24 h, values 
for fraction of methionine bypassed range from about 50-70%. Results of 
the digestibility study with rats and observations from studies feeding 
protected KIC and methionine to sheep and cattle indicate that zeln-
protected compounds are completely digestible. 
In summary, zein encapsulation seems to meet all of the criteria for 
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Table B3. Ruminai degradation of protected compounds 
Pellet type Time in rumen 
h 
Pellet loss 
% 
Compound loss 
% 
KIC (study 1, average pellet - 1.8 x 8 mm) 
7 15 40 
12 18 53 
24 23 69 
KIC (study 2, average pellet - 2.1 x 8 mm) 
0 7 9 
6 15 22 
24 23 55 
Limestone (average pellet - 2.1 x 8 mm) 
12 1 
Methionine (average pellet - 2.1 x 8 mm, double-coated) 
0 0 0 
2 4 13 
6 8 18 
12 13 45 
24 20 58 
a laboratory-scale method of protecting compounds from ruminai 
degradation. Pellet density was "1.1 g/ml and size was -*2x8 mm. Both 
of these characteristics can easily be altered to maximize outflow rate 
for species and diet differences. Compounds were protected from ruminai 
degradation so that -40% remained in rumen bags after 24 h; if pellet 
turnover time in the rumen is 15 h, then 60% of the compound will bypass 
the rumen. Zein pellets seemed to be completely digested. 
In conclusion, zein-encapsulation is a relatively simple, 
laboratory-scale method for protecting compounds from ruminai degradation 
and may be useful for determining amino acid requirements and specific 
nutrient effects in ruminants. 
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